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I. INTRODUCTION

Motion sickness typically is considered a
bothersome artifact of exposure to passive
motion in vehicles of conveyance. This
condition seldom has significant impact on the
health of individuals because it is of brief
duration, it usually can be prevented by simply
avoiding the eliciting condition and, when the
conditions that produce it are unavoidable,
sickness dissipates with continued exposure.

However, unavoidable motion sickness is a
malady that can have significant effects on the
performance of affected individuals. Because the
susceptibility of individuals to motion sickness
cannot be predicted with precision, some
individuals can be seriously affected if they are
required to work in an environment that produces
motion sickness. The affliction of individuals of
unknown susceptibility by this malady can
become important when sickness could arise
during periods where complicated but necessary
performance is demanded. The occurrence of
space motion sickness during entry into or return
from space flight is one possible case of this
type. Important human activities are required
during launch and landing of the Space Shuttle,
precisely the times when "space sickness" can
occur.

There is some debate about the equivalence of
motion sickness produced in ground-based studies
and "space sickness". However, ground-based
studies provide certain benefits over flight
studies. Ground-based studies can be conducted at
considerable cost savings, the necessary conlax)l
conditions can be included with experimental
rigor, and the appropriate number of subjects an
be used to address the experimental questions.
Because there are numerous similarities between
motion sickness and space sickness, it appears
that better knowledge of motion sickness could
significantly benefit the understanding and future
study of space sickness.

The studies conducted in this research project
examined several aspects of motion sickness in
animal models. A principle objective of these
studies was to investigate the nem'oanatomy that
is important in motion sickness with the
objectives of examining both the utility of
putative models and def'ming neural mechanisms
that are important in motion sickness.

II. PRINCIPLE AREAS of
INVESTIGATION

For purposes of exposition, the studies and
research findings have been classified into four

categories. These categories are used to organize
the presentation of the results and to facilitate the
discussion of motion sickness in animal models.
Thus, the results of these studies of motion
sickness in animal models are organized with the
following categories: (a) behavioral measures of
the phenomenon, Co)stimuli that are effective for
producing the phenomenon, (c) neuroanatomical
structures and physiological events that are
related to the phenomenon, and (d) differences
between species in the elicitation of the
phenomenon.

The rust two of these categories, behavioral
measures and effective stimuli, were addressed in
the initial experiments because results from these
two categories of studies were fundamental to
planning other experiments. After behavioral
measures had been subjected to initial validation
and appropriate parameters were established for
eliciting stimulation, studies were conducted to
examine neural structures and physiological
events that were related to motion sickness. As

studies related to these questions progressed, the
issue of species differences in the response began
to arise and this was subjected to both
retrospective analysis and direct experimental
examination.

A. Behavloral Measures

Frank sickness, or vomiting, is the only
universally accepted response that defines motion
sickness in all species. None-the-less, many
other responses (e.g., pallor, increased salivation,
defecation) are commonly considered to be part of
the general syndrome of motion sickness. In
studies of motion sickness in humans nausea, a
measure that is obtained only by self report,
commonly is used as a prominent prodromal
symptom of sickness.

Nausea and other prodromal symptoms that are
detected by self report can be used in humans, but
there are no reliable methods for obtaining self
reports of symptoms in animals. Because of
this, two alternative methods are used to assess
the development of motion sickness in animal
models. One system is to use rating scales based
on the assessment of various responses that are
putative _al symptoms. Such scales have
been developed for use with cats, squirrel
monkeys and chimpanzees (Fox, 1992). An
extensive disenssion of rating scales with
animals is presented by Daunton (1989). The
second strategy is to use specific responses (e.g.,
conditioned taste aversion) that are thought to be
related to neural or physiological mechanisms
that underlay motion sickness. This swategy has
been used with animals that do not have a
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complete emetic reflex and as multiple or
supplemental indices of sickness (Ossenkopp &
Ossenkopp, 1985).

Experimental studies were conducted to
evaluate pica, conditioned taste aversion (CTA),
and anorexia as putative measures of motion
sickness. Pica was proposed as a measure of
gastric distress and motion sickness by Mitchell
(1977). This response was selected for
assessment because it results as increased
responding rather than as reduced responding
which is common with many of the other
putative measures for animal models (Fox,
1990). CTA is the measure most commonly
asserted and best documented for assessing nausea
and sickness in animals. Anorexia commonly
occurs with motion sickness in humans and
anecdotally also in animals that have a complete
emetic reflex. Consequently this m_ure _as
evaluated in several experiments.

1. Pica.
Pica was studied in rats with sickness induced

by vertical and off-vertical rotation at 1500/s.
No reliable pica response was produced by this
treatment when appropriate groups were used to
control for confounded effects of food deprivation.
Pica could be induced by exposing food-deprived
animals to motion, but food deprivation itself
also induced pica.

This result is in contrast to data reported by
Mitchell (1977). It should be noted, however,
that studies showing pica in rats have used
intense motion stimuli (e.gl, 7_500_//s)or severe
gastric irritants as inducing treatments. The
purpose of these preliminary studies in this
project was to investigate whether pica could be
produced in rats using moderate motion
conditions that were representative of treatments
known to produce motion sickness in man and
other animals. In that regard the answer to the
experimental question was that pica was not a
useful measure.

2. CTA.
It _long _n reco_ed that CTA can be

produced by numerous interventions, including
motion, that are known to produce gastric
distress in humans and animals. This
relationship between CTA and "internal malaise"
has led to widespread interest in using CTA to
assess several forms of sickness arising from
gastric disruption in animal models. Several
observations have indicated that CTA may be a
useful measure of motion sickness in animal
models. Important among these is the
demonstration that an intact vestibular system is

equally crucial for the production of motion
sickness in man and CTA in animals. This, and
other relevant relations are reviewed in Fox
(1990).

In this project it was demonstrated that CTA is
produced by exposure to several forms motion of
moderate magnitude that are known to produce
vomiting in animals with a complete emetic
reflex and in humans (Fox & Daunton, 1982;
Fox et a/., 1984). However, the precise utility
of CTA as a measure of motion sickness remains
to be described. A paramount concern in this
regard is that the relationship between vomiting
and CTA is not isomorphic in either cats or
squirrel monkeys (Fox et al., 1990). Because
CTA is not precisely related to the universal
symptom of motion sickness in species with a
complete emetic reflex, the validity of CTA as a
prodromal symptom in these species and as a
prima?T index of sickness in rodents that fail to
vomit is uncertain, i

3. Anorexia,
Two experimentswere conductedto directly

test anorexic and conditioningeffects of motion
These effects were assessed by exposing animals
to either off-vertical rotation or to parabolic
flight using 15 parabolas in a Lear jet. Anorexia
was assessed in rats permitted to feed for 2h per
day with exposure to motion on test days
occurring just prior to the feeding session. CTA
was conducted using procedures described
elsewl_e (FtJt-&_Da--_tbn, i982).:

The mean clmqyconsumption of food in the
experinient u_g-__ ro_ta_u'0nis shown
in Figure 1. Food consumption increased and
body weight decreased over the initial days of
adaptation to_sm'cted feedingregimen (2
h/day) Until intak_-stab_ized by about Day i i.
Using Day-i9 (the _y p_ding e_posure to
motion) as a baseline, anorexia was present on
the day of exposure to motion (on Day 20,
ps<.001) but intake on Days 21 & 22 did not
differ from _a?seline 09>.39). Body weight _was
suppress-ed on _eacli Of the _ days foilowing
exposure to mofion-(ps<:00_L.?_?:_ =_ := ....

The mean daily consumption of food in the
experimeh/-u-sing-i_arabislic flight is shown in
Figure 2. Again, food consumptio_reas_as
the animals ada_C_to the-regth_c_d-V-eefdi-n-g
schedule (2 h/day) with body weight reflecting an
initial decrease fin'st 5-daysjT-0Ilbwed by a
normaltendencyto increase.On Da_ i2therats
were_sportedto theflightlinean_ioadedon
theairp_netodeterminewhetherthisactivity,
wouldaffectthedependentmeasures.N'oeffects
where se_n oh eFthe-F-f_ood-ih-_tak_Or lx_lyweight
with this procedure (F<I). With Day 18 as a
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baseline, anorexia was present immediately after
the flight (Day 19) and 48 h late_r (Day 20).
Food consumption 72 h after the flight did not
differ from that preceding the flight (p>.80).
Food intake was suppressed immediately and 24
h following flight (ps<.002) but by 48 h after
the flight food intake did not differ from the
baseline (p>. 11).

The effects if parabolic flight on CTA are
shown in Figure 3. Intake of flavored fluid by
animals in the Control and Flight groups did not
differ prior to the flight, but in the test following
parabolic animals in the Control group consumed
more fluid than did the animals in the Flight
group (p<.001). It should be noted that the
strength of conditioning is rather weak. There
was no significant suppression of intake in
animals exposed to flight. Rather, these animals
failed to increase intake as was seen in animals
from the Control group. Thus, a release from
neophobia in Control animals with a failure to
observe this release in Fight animals appears to
create this difference.

The observed suppression of food intake could
be a form of anorexia similar to that produced
during prolonged exposure of animals to hyper-
gravity during centrifugation, or to hypo-gravlty
during orbital flight. The coincident emergence
of anorexia and CTA is consistent with the
proposal that the rats became motion sick during
the altered gravity during the brief exposures to
parabolic flight. The magnitude of flight-induced
anorexia is as great as, or greater than that
produced by a form of passive, cross-coupled
stimulation that is very provocative for humans.
A)Anorexia following parabolic flight was
present for 48 h while that produced by rotation
was absent after only 24 h.

Informal observations regarding anorexia were
conducted in both cats and squirrel monkeys-to -

models was examined in several experiments.
Two general resul_ were documented with these
experiments: (a) motion sickness can be produced
in rodents, cats, and squirrel monkeys with
moderate stimulation that is comparable to that
which elicits sickness in humans; Co) stimuli
that are very provocative for one species may be
quite ineffective for producing sickness in another
species.

Conditioned aversion can be produced in
rodents with rotational stimulation that is of the

magnitude that produces vomiting in squirrel
monkeys, chimpanzees, and humans (Fox &
Daunton (1982); Fox et al., 1984). Further, this
same stimulation can produce CTA in both cats
and squirrel monkeys (Fox et al., 1990). Thus,
it is clear that conditioned aversions do not
depend on severe motion challenges.

Detailed examination of eliciting stimuli in
squirrel monkeys reflected that exposure to
stimuli of increasing intensity to humans also
elicited more severe sickness in the monkey (Fox
et al., 1982). An important result in this study,
however, was the finding that stimuli that are
extremely provocative for humans are effective
for the squirrel monkey only when there is a
requirement for the animal to maintain posture.
When animals were exposed to provocative
stimuli (cross-coupled stimulation) while
movement was restricted at both the neck and
waist, the same stimulus that elicited sickness
with waist restraint only no longer was effective.
Thus, it appears that a requirement for postural
control during passive motion is necessary if
motion sickness is to be elicited.

Examination of the role of vision in motion

sickness produced the first demonstration of
vomiting in cats and squirrel monkeys by visual
stimulation alone (Daunton et al., 1985).
Sickness induced by visual stimulation alone is

begin examination of this effect in animals With known in man and is very disruptive in certain
a complete emetic reflex. Both cats and squirrel instances (e.g., "simulator sickness), but this has
monkeys were repeatedly observed to eat the food
normally contained in their diets (cat food and
bananas respectively) within a few minutes (e.g_ ....
less than 5 rain) after vomiting. These
observations indicate that anorexia is not _

necessarily present when the universally accepted
indicator of motion sickness occurs. These
effects have not been satisfactorily resolved as
not formal experiments were conducted to test
this issue further.

B. Effective Stimulus Parameters

The specific parameters of stimulation that
effectively produce motion sickness in animal

not been shown previously in an animal model.
With regard to the problem of prediction, it was
shown in this research that animals more prone
to sickness by passive, whole-body stimulation
also were more likely to become sick by
optokinetic stimulation alone.

C. Neuroanatomy and Physiology

1. Vasopressln.
Vasopressin (AVP) is elevated in humans

during reports of nausea and following vomiting
(see Fox. 1992 for a review). Plasma AVP is
dramatically elevated in cats following vomiting
but the resting level of AVP in blood plasma
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does not differ among cats that are selected to be
highly susceptible or very resistant to linear
acceleration. On the other hand, AVP in
cerebrospinal fluid (CSF) is not elevated
following motion sickness, but resting levels of
AVP in CSF are lower in animals that vomited
during motion than in those animals which did
not vomit (Fox et al., 1987). The precise
mechanism for the release of AVP during
motions sickness could not be determined.
Systemic injection of AVP at dosages calculated
to produce levels equivalent to those observed
following vomiting failed to produce vomiting or
to influence the onset of vomiting in cats that
were susceptible or resistant to to linear
acceleration (Unpublished Data).

2. Area Postrema.
Experiments using the lesion technique to

examine the role of the area postrema showed
that: (a) The area postrema is not involved in
CTA that is produced by motion in rats (Sutton
et at., 1988); (b) Neither CTA nor vomiting are
crucially dependent on the area postrema in either
cats or squirrel monkeys (Fox, Corcoran &
Brizzee, 1990). In combination with work by
Borison and Borison (1986), these findings
contributed to a reevaluation of the role of the

area postrema in vomiting induced by motion
(Daunton et al., 1987). several authors have now
proposed the,odes which include several additional
brainstem and/or circumventricual smactures in
the emetic response (see Fox, 1992 for
references).

3. Vagus Nerve.
A possible role for the vagus nerve in

responses to motion is implied by results
showing that the vagus nerve is crucial to CTA
induced in rodents by exposure to motion (Fox &
McKenna, 1988). Combined with other research,
this finding shows that both vestibular and
gastric neural systems contribute to the
formation of CTA when motion is the stimulus.
The specific mechanism by which gastric
circuitry functions is unknown (Fox, Sutton, &
McKenna, 1988), but we did provide evidence
indicating that gastric afferents of the rat remain
active for an extended period following brief
physiological stimulation (Nijiima et al., 1987;
1988).

4. Immunocytochemlstry.
Preliminary evidence indicating a role for the

vagus nerve either in motion sickness or in
adaptationto stimuli producingmotion sickness
has been shown. Using immunocytochemistry
we showed that the distribution pattern of

GABAergic terminals in the area postrema,
nucleus tractus solitarius, area sub-postrema, and
gelatinous nucleus closely resembles that of
vagal afferent projections (D'Amelio et al.,
1988). In addition, the depletion of GAD
immtmoreactive in these areas after electrical
stimulation of the vagus nerve seems to confu'm
that at least part of the GABAergic activity
shown here corresponds with vagal afferents.
The additional demonstration of substance P
immunoreactivity in this study implies there
may be important neuromodulatory functions
mediated by neuropeptides.

D. Species Differences

While conducting the studies discussed above
to evaluate behavioral measures of and effective
stimuli for motion sickness it became
increasingly obvious that stimuli that elicited
sickness and the syndromes observed in different
species varied greatly. For example, linear
acceleration, particularly earth-vertical
acceleration, is an especially effective stimulus
for eliciting motion sickness in cats while
vertical axis rotation is remarkably noneffective.
On the other hand, vertical axis rotation is very
provocative for the squirrel monkey while linear
acceleration has only minimal effectiveness with
this species. -

Spec.ies differences can occur in rather closely
related species where similar reactions to stimuli
might be expected. For example, although
vertical axis rotation is very provocative for
squirrel monkeys, we were unable to make rhesus
monkeys motion sick with this stimulus
(Corcoran, Fox, & Daunton, I990). In fact,
both anecdotal and experimental evidence indicate
that the rhesus monkey is highly resistant to
motion sickness. Workers in the Russian space
program have reported "space sickness _ but there
have been no well controlled studies reporting on
these effects (see Daunton, 1990 for a review of
these points).

Difference of this type complicate the selection
of appropriate animal models for studying the
emetic reflex in general and motion sickness or
the space adaptation syndrome in particular.
Animal models will be crucial to the discovery
and understanding of neurophysiological
mechanisms of these phenomena, but
considerable research will be required before
answers come forth.

6



III. CONCLUSIONS

All of the behavioral responses that have been
examined as measures of motion sickness in
animals are less than ideal. The only response
that is universally accepted as a valid measure is
vomiting. On initial consideration this appears
to be a serious weakness in this area of research.
However, it should be recognized that no other
measures have been universally accepted for the
assessment of motion sickness in humans. The
most commonly used additional measure in
human studies is nausea, but the assessment of
nausea, even in humans can be quite inaccurate.
Furthermore, there are no recognized
physiological correlates of nausea in humans,
further complicating the assessment of this
response in animals.

The issue of prediction of susceptibility to
motion sickness also is difficult. Significant
attention has been directed to the problem of
prediction in humans withonlyminimalsuccess.
While we foundsome evidenceforpredictive
valueinthelevelof AVP inCSF, thiseffect

was nothighlypredictiveand significantwork
wouldbc requiredtounderstandthisrelationship
adequately.As isthecasein humans,plasma
AVP was dramaticallyelevatedincatsfollowing
vomiting,but therewas no evidencein this

research to indicate that the level of system AVP
was predictive of susceptibility to motion
sickness.

It is now abundandy clear that previous
conceptions of the area postrema as a vomiting
center in motion sickness were premature and
incorrect. This conceptualization arose, in part,
from over-interpretation of lesion experiments
before many of the techniques of neuroscience
that are in common use today were available.
With present knowledge, many workers now
propose by that the emetic reflex is mediated via
circuitry in several circumventricular and
brainstem regions. Important work remains to
provide understanding of the specific neural
mechanisms of the response that is so important
in disease and travel by modem conveyances.

A general hypothesis that was developed during
the course of this research project is that motion
sickness is a phenomenon that may reflect only
one of the outcomes of the more general effects
of adaptation to unusual environmental
conditions. Motion sickness arises when
organisms are subjected to passive motion that
results in atypical linear forces on the vestibular
system. Passive motion of this type can elicit
significant and pervasive adaptive responses in
many systems other than the emetic reflex (e.g.,

motor coordination, postural reflexes, etc.).
Consequently, it is reasonable to expect that
many systems may be undergoing significant
changes (i.e., adaptations) during periods when
motion sickness occurs. In fact, one way to
avoid motion sickness is to select a behavior that
prevents adaptation of motor systems such as
lying down or going to sleep. In this regard it
should be noted that motion sickness occurred in
squirrel monkeys only when there was a
necessity to maintain posture. This hypothesis
would suggest that motion sickness might
simply be an unfortunate outcome of normal
processes of adjusting the neuromuscular system
to new, atypical environmental conditions.
Although the specific mechanisms that may be
involved in such processes are obscure at this
time, discovery of the physiology and neural
changes that underlie adaptation may predict the
mechanisms that elicit motion sickness.
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Univ., San Jose, CA 95192.

Changes in levels of plasma vasopressln (AVP) and cortiaol (C)

have been shown to be correlated with motion sickness and nausea

in man. As part of the research aimed at validation of the cat as

an appropriate animal _del for motion sickness research, levels

of these hormones were investigated _n the cat dur_n S motion sick-

ness elicited by vertlcel linear acceleration of approxlJuttely O.6
g_ and 1+ 0.6 G.

In Study I, 15 cats previously screened for susceptibtli;y to

notloa sickness were prepared wlth indwelling Jugular catheters to

permit withdrawal of blood with nint_al disruption of the etL-ulus

and minimum stress to the annul. AVP and C were nusured in

blood sam;ass obtained during exposure to vertical linear acceler-

ation and during control sessions In vhlch the animals v_tre placid

in the atstlon4ry apparatus. Samples were drawn according to 8

predetermined time schedule as follows: 10 nln and I nln prior to

motion; 1, $, I0, and 20 mLn after start of motion. Total

duratlou of exposure to motion yes 20 mLn. The data from this

study indt:ste that both AVP and C are elevated during exposure to

notion If emesl8 occurs. AVP reaches mLxi_uu levels during or

about the same tlae as e=esl8, while C increases gradually

throughout the period of vertical acceleratlon.

In Study 2, four cats were prepared with indwelling catheters

and AVF was measured in blood wlthdra_m durln s exposure to the

wartS©el linear acceleration. A single pre-notion sample was

drl_ 5 aim prior to motion onset. Two series of samples consist-

in 8 of three samples dra_m at 3-mLn intervals were obtained during

• motion. The first series was Lnlclated at enesl8, and the second

25 n _n after emesls. Results show that levels of circulatin 8 AVP

were elevated (2 to 27 tines the control and pre-_otton levels) in

the am=plea taken during e_esle and decreased, but re_med I to 6

t_Jes above the pre-motlon or control levels within 25 mln.
The results of these two studies indicate that AVP is elevated

dur_ 8 motlon-produced emeslJ In the cat, and that AVP is more

closely related to ,'eats than Is C, These findings are in

general agreement with those obtained, from humane under notion

sickness conditions, and indicate that it is appropriate to

continue to use the cat in studies of hormone changes during
notion sickness.
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Conditioned Feeding Suppression in Rats
Produced by Cross-Coupled and Simple
Motions
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Conditioned feeding suppressionwasproducedin rats by earth-
vertical rotation, seesaw acceleration, and cross-coupledaccel-
erations. Rats were exposed to 15 rain of motion immediately
after eating a sweet, novel food. The effects of this motion were
assessedby measuringconsumptionof sweet food duringo second
feeding sessionthat was72 hr after exposure to motion.Exposure
to cross-coupledaccelerationsproducedthe greatest conditioned
suppressionof feeding. Progressively less suppressionresulted
from exposure to seesaw acceleration and to rotation. This or-
dering of suppressioneffects is consistent with the amount of
vestibular stimulation produced by these motions.These results
indicate that conditioned feeding suppressionin rats can be pro-
duced by vestibular stimulation of a duration known to produce
frank motion sicknessin other animals and man.

OTATION ABOUT AN EARTH-VERTICAL axis
has been shown to reduce spontaneous activity (3)

and drinking (7), to produce limited anorexia and pica
( 12,13), and to be an effective treatment for conditioned
taste aversion (e.g., 1,5,10,12) in rats. Although the rat
has an incomplete emetic system and does not vomit

(8,16), it has been suggested that these effects result from
"motion sickness" (1,3,5,7,10) and Mitchell and col-
leagues ( 12,13) have argued that pica should be consid-
ered a species-relevant measure of motion sickness in
rats.

All of these studies have used rotation which is typ-

ically of higher speed (sometimes as high as 198 rpm)
and longer duration (up to 2 h) than that known to

Funds for this slud} were provided under Imerchange Agreemem

NCA 2-OR675-801. by &mcs Research Center, NASA, Moffett Field,
California. The aulhors acknowledge the fine technical assistance of

Jackic Valencic and Jcannc Roy who aided in the collect on of data.

Dr, Fox is with San Jose State University: and Dr. Daunton is with

NASA-Ames Research Center.
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produce motion sickness and emesis in man. More se-
vere rotation parameters are, perhaps, used in animal
studies because of the difficulty of producing vestibular
stimulation which elicits any evidence of "sickness" in
animals. In research with humans, volunteers are in-
structed to make standard head movements during ro-
tation (4). These voluntary movements produce unusual,
cross-coupled accelerative forces (2,6,9) on the vestibular

system and are known to contribute to motion sickness.
Animals typically are not required to move during ro-
taiion and such unusual forces on the vestibular system
occur only during voluntary movements. The facts that
spontaneous activity decreases in rats during rotation
(3) and that squirrel monkeys which fail to reach frank
motion sickness during rotation appear more likely to
adopt a crouched, motionless posture than monkeys that
vomit (14) imply that vestibular effects of rotation in
animal studies are in part due to voluntary movement

and are not specified by the experimenter.

Thus, while one approach to investigating motion
sickness in animals has been to increase the speed and
duration of rotation to insure that sickness occurs,a

better approach would be to use a motion pattern that
insures cross-coupled stimulation of the vestibular sys-

tem independent of movements made by the animal.
The present study evaluated the motion sickness re-
sponse of rats using such a cross-coupled pattern with
stimulus parameters similar to those used in human
studies.

MATERIALS AND METHODS

Subjects. Long-Evans rats weighing 250 to 320 g were
maintained in wire mesh cages located in an animal
colony maintained on a 12:12 light:dark cycle. The 32
animals were assigned randomly to the four treatment

p.REOIOtNG PAGE BLANK NOT FtLl_
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[ p=......._

1.17 Hz

14 ° 45"

Fig. 1. A schematic illustration of
the motion device illustrating the

seesaw arm which produced var-
tlcal sinusoldal motion and the to-

ration disks with holding cages

attached. For the complex motion
condition seesaw action and ro-

tation occurred simultaneously to

produce crass-coupling of angular
tilt with rotation.

groups (n = 8 per group). Water was available at all times
and laboratory chow was ad lib. except during the 24
h immediately preceding the treatment and test periods.

Apparatus: Cross-coupled accelerations were produced
by a device modeled after a motorized seesaw (Fig. 1).
Aluminum disks were mounted directly on the shafts
of two electric motors attached to opposite ends of a
220-cm aluminum arm with a center balance point. Two
holding cages measuring 6.5 cm wide × 24.0 cm long
× 12.8 cm high were mounted perpendicular to the
radius of each disk with the centerline of each cage 20 cm
from the axis of rotation. The disks rotated at 37 rpm
(222 */s). Vertical movement at the rate of 35 cpm (.58
Hz) was produced by an electric motor driving an off-
center cam through a gear reduction box. This cam in
turn drove a shaft connected to the seesaw arm, causing
the ends of the arm to move up and down. The alu-
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MOTION CONDITION
Fig. 2. Adjusted mean consumption of candy during the I hr

test period which was 72 hr after motion treatment. The S|M is
shown as a vertical bar.

minum disks supporting the holding cages moved in
arcs with radii of 110 cm and a vertical excursion of
56 cm.

Procedure." All animals were deprived of food for 24 h
prior to the motion treatmenC A novel, sweet food con-
sisting of 9 g of chocolate candy was placed in each
home cage for the hour preceding motion treatment.
Consumption of this food was determined by weighing
the food prior to and immediately following this period.
Treated animals were then placed into the motion ap-
paratus holding cages and either rotated around the
earth-vertical axis, bounced (seesaw motion), or rotated
and simultaneously bounced (cross-coupled motion) for
15 rain. Animals in the control condition were placed
into the holding cages on a stationary apparatus for 15
rain. Following these treatments animals were returned
to the colony where standard laboratory chow and water
were available ad lib for 48 h. The effects of motion
were assessed by measuring consumption of sweet food
during a second feeding session that was 72 h after ex-
posure to motion. Laboratory chow was removed 24 h
prior to this session. During the test session approxi-

the home cage for I h and the amount of this candy
consumed was determined.

RESULTS

The suppr_ss!ygeffec!_ffl_(ih-ree riaotion condltlbns
were assessed by examining the amount of-6a?ndycbn-
sumed-dti-ri-ffg ihe-l-]i-i&l s-essi-dn-_'hich[oc-curred 72 h
after the motion treatments. Differences betweenvon-
diffons were e_uatedby an ana_s[s o-Fcovariance,
with amount of candy consumed prior to exposure to
motion in the treatment session serving as a covafiate
to control forrando m variatiohbetween groups due to
small sample size. Cross-coupled motion pr_oduced !he
most fee_g_s_pp_r&s[on (_r'i_-._._with progressively
less suppressio_s_lting from seesaw acceleration_ and
rotatmm _F(3.27Y-__63, p<0.0-L-Fndividu/il compar-
ison testsbetween motion groups andthe control indicate
that feeding was suppressed in all motion conditions
relative to the control, every F(1,27) > 5.89 and every

DISCUSSION "-L.....

The observed ordering of the conditioned suppressive
effects found in this study is consistent with the ordering
of amount of vestibular stimulation resulting fro_m these
motions. Precise analysis of vestibular effects is not pos-
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sible in an unrestrained animal because voluntary head
movements during motion can produce cross-coupled
accelerations. However, if such voluntary' movement is
ignored, Ihe following general analysis applies to the
conditions used here. The semicircular canals respond

to angular acceleration and the o!olith organs respond
to linear accelerations. Thus, vertical movement pri-

marily affects the otolith organs while rotation primarily
affects the canals.

In the rotation condition used here, angular accel-
eration occurred when rotation began and deceleration
occurred when rotation ended, but a constant angular

velocily with no acceleration was present through the
15-rain stimulation period. In the seesaw condition, a
vertical linear acceleration occurred in a 1.17-Hz sin-

usoidal pattern. In addition, as the seesaw arm moved
from the upper to the lower extremes of its arc, the
holding cage platform tilled 14 ° 45' from the horizontal,
imparting a sinusoidal angular motion about a horizontal
axis. Given these conditions and no movement by the
animals, there should have been more stimulation to
both the otolith organs and canals during seesaw motion
than to the semicircular canals during rotation. The ves-
tibular stimulation was greatest in the cross-coupled
motion condition, where the accelerations ofthe seesaw
motion were combined with rotation about an axis con-

stantl\ tilting through a 14 ° arc on either side ofearth-
verlical.

The greater relative effectiveness of the cross-coupled
motion and its associated whole-body, cross-coupling
action is consistent wilh predictions from motion effects
on humans and squirrel monkeys (ll) and from the
sensory conflict concepts (15). This finding implies that
motion-induced conditioned feeding suppression in rats

is produced by vestibular effects and suggests that the
same range of unusual vestibular stimulation affects rats
as affects other animals and humans. This outcome pro-
vides further support to the assertion that rats may be-

come "'motion sick" in spite of the observation that they
do not vomit.
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The exact stimulus eliciting vomiting in aninml studies o_

motion sickness is difficult to specify because the vestibular

s;lmulation produced by many motion conditions is confounded by

voluntary moveT..ents by the animals. This is an Importan[ problem

because exl)eri=ents with animal models of motion sickness can

pr_rvide useful information about antlmotlon sickness dr_gs or the

role of neural mechanisms, Only when animals are exposed to the

motion sti_ll in each experimental session.

A series of tests were conducted to determine the

susceptlbillty of 15 adult squirrel monkeys to motion sickness in

freely moving and restrained test conditions. Canal stimulation

was varied by exposing the monkeys in freely moving conditions to

varylng degrees of an_!ar velocity (_0,90,I.'0,150 deK/sec), and

in restrained conditions to one angular velocity (150 deg/sec)

and to cross-coupling effects of whole-body roll movements durlng

rotatiou. Otolith stimulation was investlgated by using

•sinusoidal vertical linear acceleration during free movement

conditions, and off-vertical rotation and earch-horlzontal (BBQ)

rotation while restrained.

The percentage of freely moving animals vomiting during

vertical axis rotation was 27, 93, 86, and 92 for the angular

velocities of 60, 90, 120, and 150 deg/sec respectlvely. _'one of

the monkeys von_ted during vertical axis rotation or cross-

coupled rotation when restrained. Otollth striation appears to

5e a less provocative stimulus for the squirrel monkey as the

l>ercentage oF. animals vomiting were 13, 0, and 7 for the

conditions of free movement during oscillation, resrralnt during

off-vertical and BBQ rotation respectively.

Motion sickness to the point of vomiting occur_:ed regularly

ouly in conditions where self-motlon was possible. Such effects

could occur because voluntary movement durln K motion augments

vestibular effects 5y producing self-inflicted cross-coupllng,

but the failure to elicit vomiting wich experlmenter-produced

c-ross-coupling aTgues against _hls interpretation. Alterna_ively,

these results might imply that feedback from movement control

mechanisms may play an _mportant role in sensory conflict as

suggested 5y Omen's se_.sory-motor conflict theory.

19a
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RELATIONSHIP OF AREA POSTRE>_ TO THREE PUTATIVE MEASURES OF

"MOTION SICKNESS" IN THE RAT. R, Sutton*. R. Fox. and

N. Daunto_. San Jose State Univ. and NASA Ames Res. Center,

Moffett Field, CA, 94035.

Although the rat has an incomplete emetic reflex, several

species-specific responses to motion have been proposed as

measures of "motion sickness" in rats. The purpose of this

study was to determine the dependence of these responses on
one of several neural structures known to be essential to

motion-induced vomiting in species with a complete emetic reflex.

The Area Postrema (AP) has been shown to play an important

role in the production of motion sickness in vomiting species

(Brizzee, eta!., 1980; Wang and Chinn, 1954). In this study we

compared the effects of thermo-cautery ablations of the AP on

three different responses supposedly reflecting motion sickness

in the rat: Conditioned taste aversion [CTA] (Braun and McIntosh,

1973); drinking suppression (Haroununian, et al., 1976); and fecal

boil (Ossenkopp, 1983). Efficacy of the ablations was determined

by subjecting ablated, sham-operated, and unoperated control

animals to a CTA test which is known to require a functional AP.

Animals with AP ablations failed to form CTA when 0.15 M LiCI was

paired with a 10,% sucrose solution, while sham-operated control

subjects conditioned as well as the unoperated control subjects.

The extent of the ablations was evaluated histologically at the

end of the experiment.
To determine the effects of the ablations on the measures of

motion sickness, all animals were subjected to rotation for 30 min

or 90 min on a platform displaced 20 deg from earth horizontal.

Results indicate that ablation of AP in the rat has no effect on

the formation of CTA to a 4% solution of cider paired with motion,

on the suppression of drinking immediately after exposure to

motion, or on the frequency of fecal boli during exposure to

motion.

This failure of AP ablations to eliminate the effects of motion

on any of these responses discourages their use as equivalents of

motion-induced vomiting. The appropriateness of other suggested

measures, e.g._ pica (Mitchell, et al., 1976), remains untested,

but the dependence of such measures on stimulation more severe

than commonly used in motion sickness research and the absence of

a demonstration of their dependence on neural structures essential

to motion sickness in vomiting species, suggest caution in the use

of such responses. Further, until more is known about the neural

structures underlying these putative measures, the rat will remain

a questionable subject in which to study motion sickness.
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SUMMARY

This paper describes experiments In which the susceptibility of both cats and

squlrrel monkeys to motion slckness induced by vlsu•l stlmulatlon is documented.

In addition, It Is shown that in both species those individual subjects most

highly susceptible to sickness induced by passive motion are also those most

llkely to become "motion" slck from visual (optokinetlc) stimulation alone.

INTRODUCTION

It is well known that symptoms of motion sickness, as well as llluslons of self-motlon

(clrculsrvection and llnearvectlon), can be elicited In human subjects by visual stlmulation alone

(I, 4, 5). Vlsual stimulatlon has also been shown to be effettlve In modifyln 8 the slckness-lnducing

effects of vestibular stlmulation (2, 8). Further, In recent electrophyslologlcal studies in animals It

has been demonstrated that neural activity In the vestlbuler nuclel is modulated in a simllar way by

actual passive sinusoidal angular or linear acceleration of the •nimal and by vlsual stlmulatlon which
simulates those motions (3, I0). These findings suggest that vision should play an important role in

the production of motion slckhess in animal subjects •s well as In human subjects, and, as in humans,

the effects of visual stimulation should be greatest In those animals most susceptible to motion

sickness produced by vestibular stimulation.

With the exception of the report of motion sickness in one squirrel monkey exposed to sinusoldal

ya_--axls optoklnstlc stimulation (6), the susceptibility of •nlnsls to visually induced motion sickness

has not been documented, nor has the relationship between susceptibility to motion sickness induced by

visual vs. vestibular stlmull been addressed. The studies reported here were designed to investigate

these factors in two species, the cat and the squirrel monkey. In these studies anlaals were subjected

to passive acceleration provided by a two-pole swing (cats) or to passive rotation (monkeys), and to

visual (optoklnetic) stimulation which simulated these motions. Levels of susceptlbility to visual

stimulation alone were compared with those f_r the same animals exposed to the associated vestibular

stimuli to obtain a better understanding of the r01e of vision in the production of motion sickness.

The data were also analysed to deterlnine how consistent the trait of susceptibility Is across different
stimulus conditions.

METHODS

Cats.

Twenty mature female cats were exposed to two conditions of visual end vestibular stimulation while

free to move within a clegr Plexlglas cage (44 cn X 16 ca X 21 ca). Animals were exposed to motion for

a period of 20 mln or until retchlng/vomltlng plus 5 Lin, whichever period was longer. A period of not

less than 30 days intervened between each of the tests.

Combined vlsual-vestlbular stimulation was provided by a two-pole swing wlth • radius of 1.8 m, 8
frequency of 0.37 Hz, an arc of 1.0 red, and a vertlcal displacement of 0.9 m. This swing was suspended

within a large box--llke enclosure, the interior of which was covered with patterned wallpaper and

illuminated wlth a I00 watt bulb. A one-_ray vision port for observation of the •ni..-I was sltuat•d at

one end of the box. The swln8 was manually pushed to provide the vestlbular stlmulstion.

Vlsual stimulation •lone was provided by the same two--pole swing and enclosure used in the combined

stimulus condltlon, but in the Visual Only Condition the swing holdlng the cat reulned stationary,

while the enclosure was swung at • frequency of 0.28 Hz, with an arc of 1.0 red. The visual stimulation

was thus nearly, but not exactly, the same in the Combined Vigu•l-Vestlbular and the Visual Only

Conditions. For the Visual Only Condition both observation ports were covered wlth one-way vision
material.

Four addltlonal motion sickness-induclng conditions Involving visual-vestibular stlmul•tion were

used in an assess=ant of each subJect*s level of susceptibility to motion sickness. In Condition I, a

turntable was used to rotate the anlmals at 120 deg/Hc. During rot•finn the cage holdlng the anlml

was tllted 7.5 deg above and below the horlsontal plane at a frequency of 0.6 Hz. In Condition 2 the

cage holding the animal was suspended from the end of • tiltlng beam which oscillated over a vertical

distance of 2.1 m at 0.12 Hz. In Condition 3 the tilting be=,, was used to provide vertlcal osclllatlons

at 0.42 Hz with a displacement of 1.0 m. A two-pole swing similar to that described for the Combined

Vlsual-Vestlbular Condition was used to provide the st lmulus for Condition 4. In this condition the

swing had a radlus of 3.7 m, a frequency of 0.27 Hz, an arc of 1.5 red, and a vertical dlsplacement of

1.0 m. Both vlsual and vnstlbular stlmulatlon were provided In these conditions, since the anlmals



could view the room through the Plexlglas cage during each of these teats. In all of these test

situations retching/vomltlng was detected by visual observation.

_onkeys,

Squirrel monkeys were exposed to the visual and vestibular stimulation while free to move in a

clear Plexlglas cage (52 cm X 23 cm X 30 cm). Each test session lasted until 5 mln after the time of

retchlng/vomltlng, or for a maximum of 30 mln if vomiting did not occur. An interval of at least 30

days without testing was maintained between experimental sessions.

In the Combined Visual-Vestlbular Condition the animals were rotated by a turntable (Coerz Model

611) while able to view the interior of the test room (a 2.3 m cube). The center of the turntable was

located I m from the nearest corner on a room diagonal. In this condition the animals could see the

observers and other contents of the test room, and therefore were exposed to very complex visual

stimulation during rotation.

In the Visual Only Condition visual stimulation was provided by an optokinetic drum, the inside of

which was covered with alternating white and dark green stripes, each subtending a visual angle of

approximately 6.5 des. In this condition the animal remained on the stationary turntable while the

optokinetic drum rotated around the animal, providing optokinetic atimulation.

Two additional conditions (Vestibular Dark and Fixed Visual-Vestibular), studied extensively In

another experiment (2), were used in the assessment of susceptibility to viaual and vestibular

stimulation. In the Vestibular Dark Condition the turntable holding the animal was rotated in the dark,

and the animal received no visual stimulation. In the Fixed Visual-Vestibular Condition the optoklnetlc

drum was coupled or fixed to the turntable and rotated with the animal, so that no optoklnetlc

stimulation was produced by the rotation of the turntable.

Two different angular velocities were used to assess the effects of frequency of visual stimulation

and amplitude of vestibular stimulation on relative provocativeness of the stimuli and on the

correlation between susceptibility to visual vs. vestibular stimulation. Each monkey was exposed to

each stimulus condition at both 60 and 150 deg/s. Motion sickness was assessed by determining latencles

to retchlng/vomltlng by audio monitoring.

RESULTS

Cats.

Two cats out of the 20 tested (10%) were made motion sick to the point of retching/vomiting under

the Visual Only Condition. The latentise to the first retching/vomiting episode for the two cats were 2

mln and 19 mln. Five of the 20 animals (25%) were made motion sick by the combined vlsual-veetibulsr

stimulation. The latentise to the first retchlng/vomltlng episode ranged from 5 mln to 17 min. The two

animals which became sick in the Visual Only Condition were also made sick by the combined

vlsual-vestlbular stimulation. However, the remaining three animals which were susceptible to combined

vlsual-vestlbular stimulation were not made sick by visual stimulation. Thus, although neither stimulus

produced high rates of sickness in these cats, of those animals which were made sick by combined

vlsual-vestlbular stimulation a subset was made sick when exposed to vlsual stimulation alone.

To determine whether there is a relationship between susceptibility to visual and to vestibular

stimulation, two comparisons were made. One comparison involved determining whether the animals which

retched/vomlted to visual stimulation were those individuals with the shortest latencles to retching/

vomiting in the condition involving combined vlsual-vestibular stimulation. If the animals which

retched/vomlted in the combined condition are ranked in order of ascending latenclea, with a rank of I

being the shortest latency (5 mln) and a rank of 5 being the longest latency (17 mln), it was found that

the animals which retched/vomited to vlsu_St_ulatlon werenot those ranked I and 2 on the combined

stimulus, but rather those ranked 3 and 4. Thus, the two cats which retched/vomlted to visual

stimulation were not the most susceptible animals if latencles to retchlng/vomltlng on the combined

vlsual-vestlbular test are used as the criterion of ausceptlblilty.

Another measure of susceptibility is available, however, since all of these animals had been tested

for motion sickness in the four additional conditions involvlr_ rotation, vertical oscillation, and

swinging. If animals are ranked on the basis of each of their responses In five repeated trials on each
of the four additional motion sickness tests (a total of 20 test sessions), with Rank 1 assigned to the

animal having the highest number of test sessions In which retching/vomiting occurred, then the two

animals which vomited to visual stimulation were ranked I (vomited lO times) and 2 (vomited 5 times) for

suscept-ibiiity. By this measure, the anlmais made sick by optoklnetic stimulation were indeed the most

susceptible cats. _

The percentage of monkeys retching/vomlting in the Visual Only and Combined Visusl-VeatlbulJr

Conditions and the median latency to the first sickness episode are shown in Table I for both angular

velocities. The high percentage of animals vomiting to visual stimulation alone was quite unexpected on

the basis of the data from the cat and from human studies, both of which typically show that

susceptibility to visual stimulation is much lower than that to combined vlsual-vestlbular stimulation.

In this study the incidence of vomiting at the lower velocity was the same with visual and combined ,,

stimuiation (_ > .50), but the ia_encyto Slckness was shorter in the Visual Only Condition (_ < .01).
At the higher velocity, where greater vestlbular effects would be expected, the incidence of Sickness

was greater (_ < .05) and the latency to sickness was shorter in the Combined Visual-Vestibular
Condit|on than in the Visual Only Condition (_ < .05).



Table 3. Correlations Between Latencles to Retchlng/Vomiting (N - 27).

jim ! w! _! mmmmmmmmm mmmm| mm mmmmnmm ||ummmmmmmmmmmmmmJmmmmmmmmmmmmmmmmummmmmmmmmmmn im || |

60 deg/s

VESTIBULAR COMBINED VISUAL- FIXED VISUAL- VISUAL

DARK VESTIBULAR VESTIBULAR ONLY

VESTIBULAR DARK 1.00 0.16 0.19 0.08

COMBINED VISUAL-

VESTIBULAR N 1.00 0.28 0-36

FIXED VISUAL-

VESTIBUALR _ _ 1.00 0.53 *

_m_|_m_m|_ww_|m_|_w_|_wm_w_lgm_|_mmmwm__w|_1_i_|_m_||

150 deg/s

mmmmmmmm___mm_mmmm_m_mmmmmmmmmmmmmmmm_m_m_mmmnmm_mnmmm_mmmmmmmmmnmmmmmmnmmmmmmmm

VEST_,_ULAR COMBINED VISUAL- FIXED VISUAL- VISUAL
DARK VESTIBULAR VESTIBULAR ONLY

VESTIBULAR DARK 1.00 0.20 0.34 0.13

COMBINED VISUAL-

VESTIBULAR _ 1.00 0.74 * 0.56 *

FIXED VISUAL-

VESTIBULAR N _ l.OO 0.41

mm mm_m im|mm_|uummmmmmmmmmmmmmmmmmmmmm mmmmmmim|Jmmmmmmimmmi_mmm_uwmwmmmmmmmmmm

< .O5

DISCUSSION

These studies indicate that in animal subjects, as in man, motion sickness can be elicited by

visual stimulation alone, a condition which involves no direct stimulation of the vestlbualar end organs

by passive motion. This study has also shown that a subject's susceptibility to slckneas induced by

optoklnetic stimulation is predictable from information about that subject's susceptibility to other

motion conditions. In general these data indicate, as do data from studies with human subjects, that

those individuals that are highly susceptible to motion sickness induced by passive motion are more

likely to become sick, and/or become sick more rapidly, to visual stlmulation alone, than are subjects

that are relatively resistant to sickness induced by passive rotation.

While relative susceptibility in this population is predlctable between some conditions, the

determinants of this prediction are not clear. Current theories of motion sickness (7, 9) suggest that

slckness-evoklng properties of a situation depend upon, or evolve from, a complex interaction of

stimulus characteristics and/or effects. Presumably these interactions among the visual, vestibular,

and proprloceptive systems occur while the individual is malntslning postural and oculomotor control and

performing goal-directed behaviors. The fact that, as shoT_n above, correlations exist between different
conditions at the two different velocities of stimulation Implles that at the lower velocity, production

of sickness in the Visual-Vestibular Fixed and Visuals Only Conditions had some particular combination of

visual-vestlbular-proprioceptlve factors in common. At the higher velocity the relationship among these

factors was closer in the Combined Visual-Vestlbular and Visual Only Conditions.

These data show that the particular combination of vlsual-vestlbular-proprloceptlve factors which

produce motion sickness may be quite different under conditions of stimulation with similar motion
components. It thus seems obvious that improved prediction of susceptibility to motion sickness will

require extensive analysis of the specific components of motion stimulation which produce that sickness.

In addition, these experiments have shown that both the cat and squlrrel monkey, like man, are

susceptible to motion sickness induced by visual stimulation alone. The fact that the squirrel monkey

appears to be highly susceptible to vlsually-lnduced motion sickness suggests that this animal may be

useful for more detailed analyses of the role of vlsuai input in the production of motion sickness and

for the assessment of parameters critlcal to |uccessfui prediction 0i suaceptibillty across

sickness-induclng conditions.
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Table1. Hedlan Latency to Retchlng/Vomltlng and Percentage

of Animals Sick in Each of the Test Conditions (R - 27).

nllllS IlSnu wsm|| nlII u uII llnl hill UllllUl nllll nl iiiiinnl ilunu I uu | w ulu u n | | ! | |1| s| ilUUlllUlU illl Ilnn Unllllll

ANGULAR HEASUI_ VISUAL COHBINED
VELOCITY ONLY V I SUAL-VESTI BULAR

60 deg/s

HDN, LATENCY I0 25

(min)

1-age SICK 74 70

HDN. LATENCY 11 * 8

(mln)

150 deg/s

I-age SICK 81 100
_m_gtt_m_i_m_im_mm_im_m_mu_mm_ili_i_immnmmmUnNmi_mmm_m_

To assess vhether the highly susceptible animals vere more likely to become sick vhen exposed to

the optokinetic stimulus, those animals most and least susceptible to sickness in the Combined

Visual-Vestlbular Condition vere selected as representative of the extremes of susceptibility induced by

rotation. Animals with the 7 shortest and 7 longest (highest and lowest 251) latencles from the

extremes of the retchlng/vomitln8 latency distribution for each angular velocity were taken as

representlve of the least and most susceptible subjects for that velocity. The mean and =,.dian

latencles to retchlng/vomitin8 to optoklnetic stimulation at each angular velocity were then calculated

for these highly susceptible and resistant animals. These data nre shown in Table 2. Animals
classified as susceptible to the combined vlsual-vestibular stimulation had shorter median Istencies to

retchlng/vomlting induced by optoklnetlc stimulation than did those classified as resistant. This

relationship occurred for tests run at both 60 deg/s (_ = .04) and i$0 deg/s (_= .03) showing that
animals susceptible to combined vlsual-vestibular stimulation were also those most susceptible to visual
stimulation,

Table 2. Hean and Hedlan Latency (min) to Retching/Vomltlng Induced by Visual

Stimulation at 60 and 150 deg/s for Animals Selected as Susceptlble and

Resistant on the Basis of Combined Visual-Vestlbular Stimulation.

|n u u nm u |mmm mmummmmmmmmmmut_mmmmm_mmmu_mm m msumm_nau|ununmmsslnsm m u unu

HEASURE 60 degls 150 deg/e

Resistant Susceptible Resistant Susceptible

HEDI AN 26.0 7 • 3

HEAN 20.3 10.8

22.0 4.7

20.9 10.0

This conclusion is based upon an analysis of the relationship between the 1Atencles to

retching/vomiting for animals representing the extremes of the susceptibility apectr .m, i.e., those

which were either very susceptible or very resistant. Such an analysis could be misleading, since any

relationship could depend predomlnately upon extreme ranges of sueceptlbllty, and thus might not reflect

accurately the responses of the entire population of subjects.

To examine this issue further, ve obtained correlations between sickness latencies from all monkeys

across the four different slckness-lnducing conditions, including Visual Only, Combined Visual-
Vestibular, Vestibular Dark and Fixed Visual-Vestibular Conditions. The correlations between latencles

obtained during visual stimulation alone and those obtained during the three other conditions of

stimulation are shown in Table 3. These results indicate that at 60 deg/s (upper portion of the table)

the level of sickness evoked in individual animals by the optokinetie stimulation is predicted better by

the response of these= anlmals=to the Fixed Visual-Vestibular Condition than it is by the responseto the

Combined Visual-Vestlbular or the Vestibular Dark Conditions. Conversely, sickness evoked by the

optokifietic stimulus at i50 deg/s (lower portion of the table) is predicted better by the data obtained

from the Combined Visual-Vestibular Condition than by those obtained in the other two conditions.

Predictions about susceptibility to visual stimulation based on data obtained during vestibular dark
stimulation, a condition not involving visual stimulation, is poor for both s_ular velocities.
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DISCUSSION

KENNEDY: Your prediction relationships are likely to be higher ig you correct the correlations

by the attenuation occasioned by the expected tmrslinb£1ity of the criterion. The letter may be best

estimated by Cuedry's data vbich susgest r -.50 is reasonable.

DAUNTON: The unreliability of the criterion (vouitins) is not due to unreliability of the meas-

urment but is an inherent response unreliabillty. We regard the uncorrected correletions u $ood

descriptors of the relationships --ong the variables reported hers. On the othsr hand, it is of in-
terest to know what the correlations might be vithout these unreliabilities, and we should _ina
such corrections.

OMAN: Do you have any data on test/retest reliability of any of the individual treatments
(tests) you used? How does this colpare vitb siniiar tests involvin$ h,=,ans?

DAUNTON: As occurs vitb bunans, soae individuals respond on each exposure to motion while others

respond on some tests but not others. As a 8eneral rule, ve expect an analysis vould show tlmt ani-

mals are consistent in their responses on about 751 of the tests.

CUEDRY: Did you say that the animals vere free to move within their container in all of the

stimulus conditions you used_

DAUNTON: Yes, the animals move freely in the container-vhich was the nee size in all of the
conditinns.
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Appendix

REASSESSMENT OF AREA POSTREMA'S ROLE

IN MOTION SICKNESS

AND CONDITIONED TASTE AVERSION "

N.G. Daunton*, K.R. Brizzee**, M. Corcoran*, G.H. Crampton***, F. D'Amelio*,
S. Elfar**** and R.A. Fox****

*Neurosciences Branch, National Aeronautics and Space Administration (NASA) -
Ames Research Center, Moffett Field, CA 94035, U.S.A.;

**Department of Neurobiology, Tulane University Medical Center,
Delta Primate Center, Covington, LA 70433, U.S.A.;

***Department of Pharmacology, Wright State University,
Dayton, OH 45435, U.S.A.; and

****Department of Psychology, San Jose State University, San Jose, CA 95192, U.S.A.

On thebasisofclassicalstudieson theroleoftheareapostrema(AP)inmotion-induced

emesisitwas generallyacceptedthattheAP isanessentialstructurefortheproductionof

vomitingin responsetomotion(e.g.,Wang and Chinn,1954;Brizzeectal.,1980).

However,inmorerecentstudiesithasbeendemonstratedthatvomitinginducedbymotion

canstilloccurinanimalsinwhichtheAP hasbeendestroyedbilaterally('Borison,1986;
Corcomn etal.,1985;Elfaretal.,1986;Wilpizeskietal.,1986).Ithasbeeninferredfrom

some ofthesemore recentstudiesthattheAP playsno roleinmotion-inducedemesis.

From thestandpointofthecurrentUnderstandingofcentralnervoussystem(CNS) plas-
ticity,redundancy,remodeling,unmasking,regeneration,and recoveryoffunction,how-

ever,itisimportanttorealizethelimitationsofusingablationprocedurestodeterminethe

functionalroleof a givenneuralstructureina highlyintegrated,adaptableCNS. For

example,theresultsofourrecentinvestigationsincatand squirrelmonkey on theroleof
theAP inemesisandconditionedtasteaversioninducedby motionindicatethatwhileAP

lesionsdo notpreventmotion-inducedemesiswhen animalsaretested30 daysormore

aftersurgery,thelesionsdo changethelatencytoemesis.Thus,contradictoryf'mdings
fromlesionstudiesmustbe evahatcdnotonlyintermsofspeciesdifferences,differences

inlesioningtechniquesandextentoflesions,andinstimulusparameters,butalsointerms

ofdurationoftherecoveryperiod,duringwhichsignificantrecoveryoffunctionmay take
place.Inourjudgment,inadequateconsiderationoftheforegoingfactorscouldleadto

erroneousinferencesabouta givenstructure'sroleinthebehaviorof theintact,non-
ablatedanimal.
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GAMMA.AMINOBUTYRIC ACID (GABA) AND NEUROPEPTIDE$ IN NEURAL AREAS

MEDIATING MOTION-_ EMESIS.

F. D'Amelio. N. Dauntm md R.A. Fox. Life Science Division (Neermciences Branch), NASA-Ames

Research Center, Moffea Field, CA 94035, U.S.A.

In the present study, immunocytccbemical methods were employed m localize the neurommsmittm"

amino acid gamma-aminobutyric acid _ the nem_[x_ddes subsm_ P sod Met-enkeph_in in the area

posu_ma (AP), area subpomenm (ASP), nucleus _ the u-actus solim-ius 0qTS), donal _ nucleus ot

the vagus nerve (DM_r¢) and lmeral vestibular nucleus 0.,VN).

C;ABA: Glutarnic acid deca_xylme imm_ve (GAD-m) terminals and fibers were obser_ in

the AP and particularly in the ASP. A gradual decrease in the density _ terminals was Seen rewards the

solitary complex. The DMNV revealed irregularly scattered GAD-I_ terminals within the neuropil or

closely surrounding neuronal cell bodies. The LVN, particularly the dorsal division, showed numerous

axon terminals which we='emostly localized aroundlarge neurons and their proximal dendrites.

Substance P immunoreacfive (SP-IR) lerminah andfiben dx)wed high density in

the soUuu-y complex, in particular within the lateral dlv/ston. The ASP showed medium to low density of

SP-]_, fibers and terminals. The AP exhibiled • small numb_ of fibers and terminxh irregularly

distributed. The DMNV revealed a high density of SP-[R terminals and fibers that were mainly

cm_ntnu_d in the periphery. Very few _ we=e de_ected in the LVN.

MET.ENKI_PH_.LIN: Met-enkephalin immunoreacfive Ovlet-F.nk-IR) fibers and umminals showed

high density and uniform distribution in the DMNV. Scattered terminals and fibers were observed in the

AP, ASP and NTS (particuJxly the lateral division). The very few fibers and terminals observed in the

LVN surrounded the _ cell bodies.

The present report is part of a study designed m investigate the interaction between neumpep_des and

conventional neurou"msmi_rs under condidom producing mo_n sickness and in d_e ?recess of sensor-

motor adaptation.

(Supportedinpart by CooperadveAgreementNCC2-4,19 between NASA-Ames ResearchCenterand

San Jose State University Foundation.)
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1_.2 OET[CT, IOH OF D'_TIC ACTIVIT_ IN .'14[ CAT BY _ONITOP_SG VL%'OUS

?P,_SS_ A._ AL_IO SIGNALS. A. SaSa_ari*, E. Fox. _.Daunto_,

S. El!st*. Sam Jose State University and NASA /meg Research

Caenrer, MoffeC_ FLeld, CA, 94035.

To £nvea:£1ite the use of ludio eleusis as a simple, nocAnvaJ£ve

measure of e_etic act£srlty, we studied the relatiocLsh/p between the

$¢_r.AtlC eyed s : .: and sounds usoclaced with retchin| a_d vaseline.

Thoracic venous pressure obtaLned from an lmplamted external

Jugular catheter hu been Ihcn,_ to provide a precise measure nt the
sac.a tic events u soclated v_tb retching and vo,,dtln$ (McCarthy &

Borlaon, _976). _e co_-_ared changes in :hare[l[ venous pressure

monitored through an lna_elllng external Jueular catheter with

audio sllnals. _btalned from | microphone incited above the an:L_el

%n s test :ha-..oer. Zn ad_[Loo, _o _ndependen[ obsel'Verl visually

_oni_orad e_e[_¢ episodes. _etChlng and vo_lt_ng were induced by

l_Jec_lo_ of xTlazine (0.66m_/k_ s.c.), or by _ocion.
A umique audio sir_al at a frequency of apprex_a:ely 2_O Us is

produced at t_he t t_e of the nesa:2ve thoracic venous pressure

[haole associated _th ret:hLn$. Sounns v_r.n higher frequencies

(around 2500 Bz) occur to cooJunc_lon v_ch the poel:lve pressure

¢hen_es aaaocteteO vttb vomitin$. These specific signals could be

d]scrl._l_ite_ reliably by in61vtdu_ia revlh'in$ [he audio

recordLnEs of toe sesslcni.

ILetchln_ and thole e_etlc eplsoCies usoclated with poitttve

venous pressure cnansee were detected eccuretel 7 by audio

• onltor£ni, wlth 90_ of tit[hie _Lnd i00Z O_ emeclc episodes
correctl7 1de,tilted. ]Let[bins was detected sore accurately (_<.05)

by ludLo monitoring than b_ dlrac: vlaual obae.-'vetton. Re-ever,
v!:b v_eual obset'va_lon we were able tO /dent/fy a few incldenta in

vhich sen=non conCents vere expelled in tbe absence Of positLve

pressure changes or detect&hie sounds. These data sulgest theC In
e_etl¢ aituet_onl, t_ expulsion of etouc_ conteO_l IDJly _e

Iccoo_ILlhe_ _y more Cheu One _eurOl_UiCULir syatt,'J aL,nd that audio

slgnals can be used to de/st: emetlc episodes lleOCtl_ed rich

thoracLc vans.,- preslu:e ¢hanjei.
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..4..13 KECOVERY OF THE V?MITIN/ _F_EI FOLLO_qNC APr--.APOST_._-wd. A_LATIOK ,

IN SQUI?J_ZL MO]_IL'Y£. £. Elfar_ L. Br1:zee, K. Yox, M. Corcoran_

K. Daunton, 3. C_ie=an-. _an Jose State Dnlv., San Jose CA,

Delta Kegional Prlnmte Cunter, Covin@ton LA, and NASA *ants

Research Ce=_er, Moffett Field CA.

_,e role of the area pestrema (AP) %n motion-lnduced e.'_esls

has been re-assessed recently in _eversl different species

(e.g. bcrlson et el., 196_; Corcoran et el., 1985; WilFizeskl,

1986). In • few Of these studies, the role of the AP In moz_on-

induced cond:tioned taste averslo_ _CTA) has aise bee_ _dcresse_

_e.g. Sutto_ et ai., 1983; Corceran et al., 1985). _,e purpose of

the pre_ent study was te extend th_s comparative study to the

squirrel monkey, to eva_uate further the role of t__ in vomiting,

ant tc i_vesti_ate the dynamics cf the recover_, _rocess.

The 9! was ablated bilaterally in ? motion-susteptible

squ=rre2 menKey_ which previously had been characterized £n terms

ef their responses tc various motio_ sickness-induc_n_ st_zuli.

Af_: :e:cvery fro_ aursery all animals were tested at 3_-dsy

_nterveis for a ver_o_ of II months to deter=Ine the effects of

A/ ahiaz_ens on sus_e_:ibillt> tv _he same slcknea_-Induc_ng

concltlons, it, addlcion, the effect_xeness of motloc in Frc_uc_n_

CTA was evaluated. All pre-ablat_ot _tion tests i_vo!ved

stimulation _or 30 zln., while post-!esio= tests were 60 =in. in

k_l ani_ais shewed signlflcan: increases in la_enc!es to

vo_itin_ after AY ablationS. However, the latencies ten_ed tc

de:rea_e wLZh time after the ablation. All but one animal voz!_ed

on at leas: _ne of the i(: =onion meets occurrin_ after ablatlon

of _r. in addition, C_A was produced b T motion in ani¢ais which

contlnuec tc vomit after h2 ablation, whether or not vc_itln_

occurred _urLng the 30 _in. of =ot_on usec in the con_:icnlng

sesslons. _,es+ results suggest that structures other than _,

ant ;rczesse_ otner that t?,ose =ed:ated through AY, v.ay pi_y

a: xmp:,rtant role :n mc,zivn-lnduced emeszs.
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FORE-AFT

SINUSOIDAL MOVEMENT

VIS-VST8 VIS-VSTB Vl8 VSl"B

FIXED CONC. ONLY 0ARK

168

PIGEON

POSTURAL MEAN 21 13 8 20

SWAY

(AMPLITUOE) SEM 1.8 I. 1 1.4 1.5

CAT

NEURAL MEAN 118 IS 1 79 1 lg
UNIT

RESPONSE SEM Ig.2 19.4 11.3
(GAIN) 20.2

Fig. 2. Upper section: Schematic diagram of visual and vestibular stimulus condi-

tions for fore-aft linear motion. Inner rectangle represents platform on which the ani-

mal cage is placed and which provides the vestibular stimulation. Outer square repre-

sents visual stimulus surrounding platform. Arrows indicate which device(s) is (are)

moved in each condition. Middle section: Means and standard errors of posturai sway

amplitude from lO pigeons each subjected to 10 cycles of translational motion under

each stimulus condition. Lower section: Mean and standard error of gain of 21 vestibu-
lar nuclear units in the cat.

The effects of these confirming and conflicting W stimuli on single
unit activity in the vestibular nuclei of the cat during fore-aft transla-

tional movement are also shown in figure 2. The gain of the response is
suppressed under the fixed W condition as compared with that obtained

under the concordant W condition. Similar effects on vestibular unit ac-

tivity have been shown in the Rhesus subjected to rotation [8]. These re-

suits are consistent with the effects of confirming and conflicting V'V
stimuli on the EMG from leg muscles of humans and baboons [1].

These studies show that the fixed W condition produces a decrease

in the gain of vestibular unit responses and of the EMG which appear to
be associated with deterioration in the control of posture and increased

susceptibility to motion sickness. When the incidence of sickness from

the present experiment using freely moving animals is compared with

that using fully restrained animals [4], there is little doubt that the provo-

cativeness of W stimulation is modulated by postural effects. Thus, it ap-
pears that the relationship between visual, vestibular, and posturai con.

trol mechanisms may be an important one that should not be ignored in
future studies of motion sickness. We suggest that the methods used to
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assess the contributions of visual, vestibular, and proprioceptive inputs

to postural control could be used productively to study the sensory and

motor components underlying motion sickness.
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YAW-AXIS ROTATION

VIS-VSTB VIB-VSTB VIS VSTB

FIXED CONC. ONLY DARK

SURROUND 60"/s _ 80¢/s

TABLE 60o/= 60@/s
60"ls

% SICK 95 77 82 45

MDN. LAT. 3.6 8.0 9.3 30.0

SURROUND t _50 =IS -- 150¢=/$

TABLE 150=Is 1SO"Is
150"/s

% SICK 100 95 75 90

MDN. LAT. 3.0 6.0 14,5 11.0

Fig. I. Upper section., Schematic diagram of visual and vestibular stimulus condi-

tions for vertical axis rotation. Rectangle represents animal cage on turntable (inner

circle). Outer circle represents optokinetic drum. Arrows indicate which device(s) is

(are) rotated in each condition. Z.owers_,clion: Percentage of animals retching/vomiting
and median latency to first retching/vomiting episode For subjects exposed to each

condition of visual and vestibular stimulation at 60 °/s (n =, 22) and at ]50 °/s (n - 20).

Results

The data on percentage of animals retching/vomiting and the me-

dian latency to the first retching/vomiting episode are shown in figure I.

The high percentage of animals vomiting under the visual only condition

was quite unexpected, since other studies dealing with visually evoked

motion sickness in animals have yielded percentages much lower than

those found with vestibular stimulation alone. In the present study, the

incidence of vomiting at the lower velocity was almost twice as great with

visual stimulation as with vestibular stimulation. At the higher velocity,

where greater vestibular effects would be expected, the vestibular stimu-

lation was slightly more provocative than the visual stimulation in terms

of median latency to vomiting (p < 0.05), and marginally more provoca-

tive in terms of the percentage of animals made sick (p < 0.[0). The fact

that the visual stimulation was more provocative at the lower velocity is

expected from studies which show that the visual system provides maxi-
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real information about self-motion at Iow frequencies of stimulation,:
while the vestibular system provides the majority of information about
self-motion at high frequencies [9].

When comparing the effects of the two combined V'V stimulus condi-

tions, figure 1 shows that the inconsistent (fixed) W condition yields
higher sickness rates and shorter latencies to vomiting than the consistent
V'V condition. The differences between percentages of animals vomiting
were significant at 60°/s (p < 0.05), but not at 150°/s (p > 0.30). The dif-
ferences between median latencies to vomiting were significant at both
angular velocities (p _<0.01).

Discussion

The results of this experiment confirm the findings from studies of
the effects of different W conditions on motion sickness induced in hu-
man subjects by rotation [2], and of the effects of different visual and ves-

tibular conditions on motion sickness in restrained squirrel monkeys sub-
jected to sinusoidal angular acceleration [4]. In these studies, as well as in
the present study, conflicting W stimulation has been shown to be more

provocative than consistent or confirming VV stimulation.

Ideally, to confirm that a relationship exists between the effects of

different visual and vestibular stimuli and the theory that motion sick-

ness occurs under conditions in which control of movement is disrupted,
we would like to have had measures of postural reflexes to assess the

amount of disruption under several W conditions. While our future

plans involve the simultaneous collection of such postural and motion

sickness data, some dat a available from our own studies and from those

of others do suggest that motion sickness is greatest under conditions in
which postural control is maximally disrupted.

The results of two experiments in which the fixed and concordant

VV conditions were used to evaluate postural sway and activity in the
vestibular nuclei are shown in figure 2. In these experiments the stimulus

was fore-aft translational motion (0.15 G; 0.59 Hz). A comparison of the

amplitude of the pigeon's body sway in the two conditions shows that

there was greater disruption of postural control (greater sway amplitude)
in the fixed than in the concordant W condition. Similar effects of con-

firming and conflicting VV stimulation on postural control have been

shown in the dog [7] and in humans [5].
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Motion Sickness Elicited by Passive Rotation

in Squirrel Monkeys

Modification by Consistent and Inconsistent Visual Stimulation _

Nancy G. Daunton. Robert A. Fox

NASA Ames Research Center, Moffett Field, Calif.; San Jose State University,
San Jose, Calif., USA

Introduction

Current theory and recent evidence suggest that motion sickness oc-

curs under conditions of sensory input in which the normal motor pro-

grams for producing eye, head, and body movements are not functionally

effective, i.e. under conditions in which there are difficulties in maintain-

ing posture and controlling eye movements [6]. Conditions involving con-

flicting or inconsistent visual-vestibular (VV) stimulation should thus re-

sult in greater sickness rates since the existing motor programs do not

produce effective control of eye-head-body movements under such con-

ditions.

We feel that the relationship of postural control to motion sickness is

an?important one and one often overlooked. We reported the results of a

study which showed that when postural requirements were minimized by

fully restraining squirrel monkeys during hypogravity parabolic flight, no

animals became motion sick, but over 800/0 of the same 11 animals be-

came sick if they were unrestrained and maintained control of their pos-

ture [3].

I Partial funding for this study was provided under Interchange Agreement
NCA2-OR-675-801 by _mes Research Center, NASA, Moffett Field, Calif., and by
NIH Grant S06RR08192-02 to Robert A. Fox.
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On the basis of these results it appears that postural requirements

may modulate the effects of visual and vestibular inputs on the produc-

tion of motion sickness. For this reason it would seem appropriate to in=

vestigate motion sickness under experimental conditions similar to those

used in studies of postural control so that the contributions of visual, ves-

tibular, and proprioceptive inputs to the development of motion sickness,

as well as to reflex responses, can be determined in an orderly manner.

As the first step in our research using this approach, we have investigated

the effects of visual stimulation on motion sickness susceptibility of the

freely moving squirrel monkey.

Methods

Squirrel monkeys were exposed to each of four different conditions of visual and

vestibular stimulation while free to move in a clear Plexiglass cage (52x23x30 cm).
Each session lasted until 5 rain after the time of vomiting or for a maximum of 30 rain

if vomiting did not occur. An interval of at least 30 days without testing was main-
tained between experimental sessions.

An optokinetic drum and turntable provided the visual and vestibular stimula-

tion. The optokinetic drum was covered with alternating white and dark green stripes,

each of which subtended a visual angle of approximately 6.5 °. The turntable (Goer'z

Model 611) and drum could be rotated separately or together.

The four visual and vestibular conditi0fis of Stimulation used in this experiment
are shown schematically in figure 1. Two baseline conditions were used to determine

the separate effects of vestibular stimulation and visual stimulation on motion sickness

responses. In the vestibular dark condition the turntable holding the animal was ro-

tated in the dark, and the animal received no visual stimulation. In the visual only con-

dition, the turntable remained stationary, while the optokinetic drum rotated around
the animal, providing optokinetic stimulation.

The two c6ndltions of greatest interest in this Study involved combined W stimu-

lation. In the concordant VV condition the turntable was rotated within the drum

which was stationary with respect to the room (i.e. the normal condition that occurs

whenever an organism moves within an earth-fixed environmentJ. Consistent visual

and vestibular cues were provided in this condition. In the fixed W condition, the op-
tokinetic drum was coupled or fixed to the turntable and rotated with the animal, so

that no optokinetic stimulation was produced by the rotation. This arrangement results
in inconsistent or conflicting W stimulation.

Under each of the conditions of visual and vestibular stimulation, two different

angular velocities were tested, 60*/s (n - 22) and 150°/s (n - 20). In all conditions

postural requirements, and indirectly, vestibular stimulation, were dependent upon the

characteristics of free movement produced by each animal within the testing cage. Mo-

tion sickness was assessed by determining latencies to retching and/or vomiting by au-
dio monitoring.
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AREA POSTRt2dA ABLATIONS IN CATS: EVIDENCE FOR SEPARATE NEURAL

ROL_ES FOR MOTION- AND XYLAZINE-INDUCED CTA AND DIESIS.

H. Corcorant I R. Foxi_ K. Brizzee_ t G. Crampton_ •nd
N. Datmton i (SPON: J. Zabar•). NASA Ames Research Center,

Hoffett Field, CA. 94035; San Jose State Univ., San Jose, CA.

95192; Delta Regional Primate Center, Covington, LA, 70433;

Wright State Univ., Dayton, OH. 45435.
Previous studies on the role of the area postrema (AP) in

vomltln_ induced in the cat by motion and drugs have shown that
the AF is not essential for motlon-lnduced vomiting, but is

necessary for vomiting to •pomorphlne and xyl•zlne. To confirm

these findings and to determine the role of the AP in the for-

mation of Conditioned Taste Aversion (CTA), the AP was ablated

bilaterally in 10 adult female cats. With one exception, the

ablated cats continued to vomit to the same motion that elicit-

ed emesls before the ablation. Doses of xylazine and •pomorph-

Ine that elicit emesls in intact cats, failed to induce emesls

in the ablated cats. Histological examination indicated that 8

cats had complete lesions and 2 had partial lesions. Invest-

igations of effects of AP ablations on CTA revealed that cats

with complete lesions did not form CTA to flavored milk paired

with x-ylazine injections. Hc_aever, cats with partlal lesions

developed xylazlne-induced CTA. Seven of the 8 completely les-

ioned cats developed motlon-lnduced CTA, even though emesls

was not consistently elicited by motion. These results suggest

that there •re multiple routes for inducing CTA and the emetic

reflex, that CTA can form without ellcitlng emesls, and that

CTA may be • sensitive measure of sub-emetlc motion sickness.

330

_ _ Illl .... l g .... _

PRI_OIEDtNG PAGE BLANK NOT Fli.MED



_ _L_L_I_ L • L_ : _ _ _ _ . _z



Reprint & Copyright © by
Aerospace Medical Association, Washington, DC

PRE_ PAGE BLANK NOT FK.MED

Off-Vertical Rotation Produces Conditioned

Taste Aversion and Suppressed Drinking
in Mice

ROBERT A. FOX, B.A., PH.D., ANDREA H. LAUBER, B.A.,
M.A., NANCY G. DAUNTON, M.A., PH.D., MARILYN
PHILLIPS, B.A., and LINDA DIAZ, B.A., M.A.

San Jose State University, San Jose, California 95192 and
NASA-Ames Research Center, Moffett Field, CA 95035

Fox RA, LAUBER AH, DAUNTON NG, PHILLIPS M, and DIAz L. Off-

Vertical rotation produces conditioned taste aversion and suppressed

drinking in mice. Aviat. Space Environ. Med. 1984;55:632-5.

The effects of off-vertical rotation upon the Intake of tap water

immediately after rotation, and upon conditioned taste aver-
sion, were assessed in mice with the tilt of the rotation axis

varying from 5 to 200 from the earth-vertical. Conditioned taste
aversion occurred in all mice that were rotated, but the intake

of tap water was suppressed only in mice that were rotated at

15 or 20 ° of tilt. The greater suppression of tap water intake

and the stronger conditioned aversion in the mouse as the angle
of tilt was Increased in this experiment are consistent with pro.

dictions from similar experiments with human subjects where

motion sickness develops more rapidly as the angle of tilt Is

Increased. It was suggested that off-vertical rotation may be a

useful procedure for insuring experimental control over vestib-
ular stimulation in animal studies of motion sickness.

OST STUDIES OF MOTION sickness involving
animal subjects use procedures in which the an-

imals are permitted some voluntary movement during
exposure to the sickness-inducing motion. In fact, vol-
untary motion is necessary to obtain motion sickness
in human and animals subjects during vertical axis ro-
tation if the subjects are located on or close to the axis
of rotation (10). Methods for insuring that vestibular
stimulation will result from rotation even if voluntary
movement does not occur or is reduced have involved
combining sinusoidal vertical accelerations with vertical

Authors R. A. Fox, A. H. Lauber, M. Phillips, and L. Diaz are

with San Jose State University, and N. G. Daunton is with NASA-
Ames Research Center.

This manuscript was received for review in August 1983. The re-

vised manuscript was accepted for publication in March 1984.

axis rotation (12), moving a rotating disk through an arc
on the arm of a seesaw (2), alternating 15-s periods of
rotation with 5-s periods of no rotation (6,11), and using
sinusoidal yaw axis rotation (7). All of these methods
involve complex vestibular stimuli which are often dif-
ficult to quantify and to generate. A simple method for
producing specified vestibular stimulation which makes
animals motion sick in the absence of voluntary move-
ment could be useful for future studies.

It is known that motion sickness can be induced
readily in human subjects producing no voluntary
movement if rotation about an axis displaced from
earth-vertical is used as the eliciting stimulus (3,8). The
effects of various degrees of off-vertical rotation have
not been evaluated previously in animal studies. The
experiment reported here was conducted as a pelimi-
nary examination of the usefulness of this stimulation
as a method of generating controlled vestibular stimu-
lation in animals. Mice were used as subjects in this
study and conditioned taste aversion and drinking
suppression were used as measures of the effects of
vestibular stimulation.

METHODS

Subjects: The mice, 72 male Swiss-Webster weighing
20-23 g, were housed 6 per cage and maintained on a
12:12 light'dark cycle. Animals were assigned randomly
to one of six treatment groups with 12 mice in each
group.

Apparatus: The off-vertical rotation device consisted
of an aluminum disk mounted directly on the shaft of a
gear reduction box driven by a Bodine motor. This disk
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rotated clockwise at 204°.s -I (34 rpm). Holding cages
were constructed by placing two plexiglass dividers into
aluminum chassis boxes (6.5 cm wide ×24.0 cm long
× 12.8 cm high) to form three compartments (6.5 cm
× 8.0 cm × 12,8 cm) in each chassis .box. Four such

' - _"boxes were mounted perpendicular to the four radii of
the disk, 12 cm from the axis of rotation. Thus, each
mouse was positioned 12.0 to 15.0 cm from the axis of
rotation. With the angular velocity of 204°-s -1, forces
of 0.16 and 0.19 G occurred at 12.0 and 15.0 cm dis-
tances from the axis of rotation. Tilt was accomplished
by elevating one end of the device to produce tilts of
the axis of rotation of 0, 5, 10, 15 and 20° from the earth
vertical. The vertical excursion resulting from off-ver-
tical rotation produced an additional force of up to
+ 0.05 G at the tilt angle of 20° with lesser forces at the
smaller angles of tilt.

Procedure." During the first 6 d of the experiment the
mice were adapted to a restricted drinking regimen.
Each d the mice were placed into individual cages and
allowed to drink from a 20-ml pipette inserted into each
cage. The animals had access to tap water for 10 min.
Water was then removed for 15 min (a rest period).
After this period the animals were given access to tap
water and food in the individual cages for an additional
20 min. Thus, the mice had access to water for 30 min
(10 min plus 20 rain) each d. The intake of fluid during
the two drinking periods was determined from pipette
readings.

On Day 7 mice were offered a sweet flavored solution
(2 g saccharin.L-] of tap water) during the initial 10-
min drinking period. This drinking period was followed
immediately by exposure to rotation for 15 min at one
of the five angles of tilt, or, for the control group, by
confinement in a stationary apparatus for 15 min. The
next 2 d were for recovery and the same drinking reg-
imen used during the adaptation period (tap water in
each drinking period) was repeated. On Day 10 the mice
were again offered the flavored solution during the first
10-min drinking period, which was followed by the 15-
min rest period, and finally by the 20-min period in
which access to both food and tap water was given.

RESULTS

The effects of angle of tilt were assessed using
suppression of drinking following rotation and condi-
tioned taste aversion as measures. General suppression
of drinking produced by rotation was determined by
measuring the intake of tap water immediately after ro-
tation. The average intake of fluid by each group is
shown in Fig. 1. There was no difference between con-
trols and rotated animals in the intake of tap water
during the 20-min drinking period on the day preceding
the rotation [F(5,66)<1]. However, immediately after
rotation, the intake of tap water decreased as the angle
of tilt increased [F(5,66)= 2.70; p<0.05]. The relation-
ship betweefi intake of tap water and angle of tilt was
examined further using Dunnett's Test to compare re-
sults from all treatment groups with those from the con-
trol group. This test indicated that after rotation, intake
of tap water was suppressed for tilt angles of 15 and 20°
(ps<0,05) but that the response of the groups exposed
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Fig. 1. Average consumption of saccharin water (3 d after con-

dition!ng) and of tap water (immediately after rotation) by the

control subjects and by the animals rotated at various angles of
tilt from earth-vertical,

to other angles of tilt did not differ from that of the
control group (ps>0.05).

The conditioned taste aversion produced by varying
angles of tilt was assessed by determining differences
in the consumption of saccharin flavored water 3 d after
the rotation. Prior to rotation the control and rotation
groups did not differ in the amount of saccharin water
drunk [F(5,66)= 1.33, p>0.25]. Following the rotation,
however, conditioned taste aversion was present in all
treatment groups [F(5,66)= 5.06, p<0.005]. Compar-
ison of results from all treatment groups with those from
the control group using Dunnett's test, reflected a lower
intake of saccharin water by animals that were rotated
than by the non-rotated control animals (p<0.05 for tilt
angles of 0 and 5° and ps<0.01 for tilt angles of 10, 15
and 20°).

The linear correlation of the average intake of fluid
of each treatment group with the angles of tilt of 0-20 °
was determined for both tap water (suppression of
drinking measures, r=-0.89) and saccharin flavored
water (taste aversion measure, r = -0.63). This analysis _
indicates that the tap water variable used to assess the
suppression of drinking reflects a stronger linear rela-
tionship with the angle of tilt than does the conditioned
taste aversion measure (i.e., saccha_- ;ntake). In ad-
dition, the regression line for Lap water predicts intake

Aviation, Space, and Environmental Medicine • July, 1984 633



'OFF-VERTICAL ROTATION--FOX ET AL.

3. Graybiel, A., and E. E Miller II. Off-vertical rotation: A conve-

nient precise means of exposing the passive human subject to
a rotating linear acceleratlon vector. Aerospace Med. 41:407-
410; 1970.

4. Graybiel, A., C. D. Wood, E. E Miller, and D. B. Cramer. Diag-
nostic criteria for grading the severity of acute motion sickness.
Aerospace Med. 39:4.53-455; 1968.

5. Green, L., and H. Rachlin. Learned taste aversions in rats as a
function of delay, speed, and duration of rotation. Learn.
Motiv. 7:283-289; 1976.

6. Haroutunian, V., D. C. Riccio, and D. P. Gans. Suppression of
drinking following rotational stimulation as an index of motion
sickness in the rat. Physiol. Psychol. 4:467-472; 1976.

7. Igarashi, M., H. Isago, T. O-Uchi, W. B. Kulecs, J. L. Homick,

and M. E Reschke. Vestibular-visual conflict sickness in the

squirrel monkey. Acta Otolarygol. 95:!93-198; 1983.
8. Miller, E. EII, and A. Graybiel. A provocative test for grading

susceptibility to motion sickness yielding a single numerical
score. Acta Otolaryngol. [Suppl.]:274-296; 1970.

9. Mitchell, D., M. L. Krusemark, and E. Hafner. Pica: A species
relevant _behavioral assay of motion sickness in the rat. Phy-
siol. Behav. 18:125-130; 1977.

10. Money, K. E. Motion sickness. Physiol. Rev. 50:1-39; 1970.
II. Ossenkoop, K.-E, and N. L. Frisken. Defecation as an index of

motion sickness in the rat. Physiol. Psychol. 10:355-360; 1982.
12. Roy, M. A., and K. R. Brizzee. Motion sickness-induced food

aversions in the squirrel monkey. Physiol. Behav. 23:39-41;
1979.

Aviation, Space, and Environmental Medicine • Jub', 1984 635



OFF-VERTICALROTATION--FOXETAL.

by thecontrolanimals,whichwerenotrotated,while
theregressionlinefor thesaccharinvariabledoesnot
predictintakeby thesaccharincontrolanimals.

DISCUSSION

The results of this study show that off-vertical rota-
tion produces effects on conditioned taste aversion and
drinking suppression--two putative measures of mo-
tion sickness (1,5,6,9)--which would be predicted from
human studies of motion sickness using off-vertical ro-
tation. Miller and Graybiel (8) have reported a close
linear relationship between the logarithmically scaled
off-vertical angle of tilt and the time to evoke malaise
IIA in man with tilt angles of 7.5-25 ° (see [4] for a
description of the sickness rating scale). To compare the
results of this study with those of Miller and Graybiel,
the correlations of angles of tilt with each of the mea-
sures of "sickness" was determined for the range from
0-20 ° of tilt (see Fig. 1). As the angle of tilt increases,
both measures reflect the increasing effects of rotation
in mice as in man.

When all of the groups that were rotated at the var-
ious angles of tilt were compared with the non-rotated
control group, the effects of tilting were found to be
different for the two measures. As reflected by the con-
ditioned taste aversion measure, intake of the saccharin
solution was suppressed in all groups that were rotated.
On the other hand, if suppression of tap water intake
immediately after rotation was used as the measure,
significant effects were found only for the two groups
rotated at the two greatest angles of tilt (15 and 20°),
i.e., where the vestibular stimulation was greatest.
These results indicate that conditioned taste aversion is
a more sensitive measure of the aversion effects of ves-
tibular stimulation than is suppression of the intake of
a familiar fluid immediately after rotation. This result
also implies that the taste aversion paradigm might be
preferred if treatment effects are expected to be small.
It should be kept in mind, however, that the sensitivity
of this measure might result in "floor effects" if motion
parameters are severe. On the other hand, the mea-
surement of water intake is obtained more easily than
the measurement of taste aversion and might be consid-
ered the preferred measure of the effects of motion be-
cause of the continuous relationship observed between
intake of water and angle of tilt in this experiment.

In discussing the measure involving post-rotary in-
take of tap water, is should be noted that with the
drinking regimen used in this experiment the suppres-
sion of this intake might be affected by transient effects
of the motion (e.g., ataxia from vestibular stimulation)
rather than by motion-induced "sickness" per se. Two
observations indicate that transient disruptive effects
are not the sole cause of the suppression of drinking.
First, the animals were able to drink immediately fol-
lowing rotation as evidenced by the fact that they often
drank a small amount of water immediately on being
placed into the drinking area. Second, no quantifiable
ataxia or other motor disruption was observed during
the drinking sessions. In addition, it was possible to
compare the intake of water during each half of the 20-
min drinking period which followed the motion treat-
ment. If drinking were suppressed by disruption of

motor responses, intake might be expected to increase
with recovery after rotation. In fact, the opposite oc-
curred on treatment days with motion and as well as on
control days with no motion. While these observations
might suggest that intake of water after rotation reflects
"sickness" rather than inability to drink due to disrup-
tion of motor control, such an interpretation is not re-
quired, and it must remain a subset of the larger ques-
tion of how to interpret "motion sickness" in species
which do not have a complete emetic reflex.

This same argument regarding transient disruption of
motor systems does not apply to conditioned taste av-
ersion because the magnitude of this aversion was as-
sessed in a test made 3 d after the motion treatment. In
spite of this 3-d recovery period, conditioned aversion
appears to be a more sensitive measure of the effects
of off-vertical rotation than the measure involving in-
take of tap water immediately after rotation. Further
evidence for the sensitivity of conditioned taste aver-
sion can be found in the demonstration that squirrel
monkeys form conditioned aversions under motion
sickness-evoking conditions even when emesis does not
occur (12). It is not known whether the neural mecha-
nisms involved in the formation of conditioned aver-
sions are the same as those which lead to emesis, but
the fact that conditioned taste aversions do develop
without emesis suggets that such aversions could pro-
vide a sensitive measure of pre-emetic symptoms of mo-
tion sickness (e.g., nausea).

The effects of angle of tilt as reflected by conditioned
aversion and drinking suppression in the mouse show
that the mouse is affected by this stimulation in a
manner that is predictable from studies of motion sick-
ness in humans. This finding provides support for the
use of off-vertical rotation in studies of motion sickness
in animals since the stimulus to the vestibular apparatus
can be specified quite precisely and varied easily when
the voluntary movement of the animals is inhibited. Al-
though there may be some question as to whether off-
vertical stimulation is specific to the otolithic receptors
or whether it also produces some canal stimulation (3),
it is clear that off-vertical rotation of restrained animals
would result in a much more controlled stimulation of
the vestibular apparatus than is found in the typical an-
imal study of motion sickness in which voluntary move-
ments are neither controlled nor measured and volun-
tary movements by the animals might result in unspec-
ified and undesirable cross-coupled accelerations.
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Levels of arglnlne vosopressln (AVP) in blood plasma and cere-
brosplnal fluid (CSF) were measured In cats under several motion-
slckness-lnduclng conditions. Plasma AVP increased significantly
In both susceptible and resistant anlmals exposed to motion.
When vomiting occurred, levels of plasma AVP were dramatically
elevated (up to 27 times resting levels). There was no difference
In resting levels of AVP of susceptible and rellttant cats. Levels of
CSF-AVP were not elevated immediately after vomiting, but the
resting levels of CSF-AVP were lower In anlmals that vomlted during
motion than In those animals which did not vomll during motion.
The results of these experiments show that changes In systemic

or whether it is more closely related to nonspecific stress as
reflected by cortisol. In the third experiment the level of
AVP was measured in cerebrospinal fluid (CSF) during
motion sickness to investigate whether central nervous sys-
tem concentrations of AVP might play a role in the central
stimulation of vomiting.

EXPERIMENT I: CHANGES IN AVP DURING
MOTION IN SUSCEPTIBLE AND RESISTANT CATS

There were two principal objectives of this experiment.
One objective was to evaluate whether the magnitude of

AvP are directly related to vomiting Induced by motion, however, AVP secretion during motion sickness in the cat is related
CSF-AVP apparently does not change In association wlth vomiting, tOthe severity ofthe sickness,as it is in man (3). The second
CSF-AVP does appear to be lower In animals that reach frank objective was to determine, in the cat, whether the resting
vomiting duflng motion stimulation than In animals which do not
vomlt.

T HAS BEEN demonstrated in humans that motionsickness reduces free water clearance in water-loaded
individuals. This finding led to the conclusion that plasma

level of AVP could serve as an index of individual suscep-
tibility to motion sickness, as it does in man (6). To inves-
tigate these two questions, cats representing a range of
susceptib_ity to motion were studied.

Materials and Methods

arginine vasopressin (AVP) increased during motion sick- Cats were selected to represent three levels ofsusceptibil-
ness (11). Eversman et al (3) measured several hormones ity according to the degree of sickness observed when ex-
in plasma by radioimmunoassay, and documented the ele- posed to vertical linear acceleration on three previous bi-
vation of grov,_h hormone, prolactin, AVP, and cortisol weekly selection trials. Five cats were selected to represent
following experimentally-induced motion sickness in man. each susceptibility level. Cats that vomited during each
These authors concluded that secretion of AVP was the selection trial were classified as susceptible (SUSC). Cats
most selective indicator for motion sickness.

In the experiments reported here, AVP was measured
during motion sickness in cats in order to expand our
knowledge of how this hormone might be related to motion
sickness. In the first two experiments plasma cortisol and
AVP were measured in each blood sample to evaluate
whether AVP is related specifically to the emetic response

Address reprint requests to Robert A. Fox, Ph.D., Department of
Psychology. San Jose State Univ., San Jose, CA 95192.

that failed to vomit during any selection trial were consid-
ered resistant (RESIS). A third group was classified as in-
consistent (INCON) responders. These cats vomited during
fewer than three of the selection tests, but did develop some
symptoms of motion sickness (more than 3 points on the
symptom rating scale for cats (10)) when vomiting did not
occur. Animals were housed in the Ames Research Center
Animal Care Facility and maintained on a 8.5:15.5 hour
light:dark cycle with the lights coming on at 8:00 AM.
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An indwelling catheter was implanted in an external
jugular vein of each cat under Ketelar and Nembutal anes-

thesia. Catheters were implanted in the right vein when
possible, althotigh in some animals the left external jugular

was used. Catheters were inspected daily and flushed pe-
riodically with a heparin-saline (50 U heparin/ml saline)
solution. After flushing, the catheters were filled with hep-
arin solution ( 1000 U/ml).

On days that blood was withdrawn, the animals were
fasted for 5 h prior to the experiment. Acclimation to the

test environment was accomplished by leaving each animal
alone and undisturbed in the experimental room for 25 rain

prior to each experimental session. Test sessions began-at
2:00 PM.

During testing, the animals were free to move inside a
clear, ventilated plastic test cage (0.51 m long x 0.25 m wide
x 0.33 m high). This test cage was attached to a platform
suspended from an overhead support by three springs. Ver-
tical sinusoidal motion was produced by moving the plat-
form manually through a vertical plane of 0.6 m at a rate
of 0.6 Hz for 20 min.

Just prior to each test, 0.5 ml of blood was withdrawn
from the catheter to remove hemolized blood and heparin
which would interfere with the radioimmunoassay. Samples
were obtained by stopping the motion, opening the top of 15

the test cage, withdrawing and discarding the contents of

the catheter, and then withdrawing the blood to be assayed. E 12
For test samples, 1.5-2.0 ml of blood were withdrawn,
expelled immediately into a 5 ml Vacutainer containing
EDTA, mixed gently, and placed on ice until the end of the --

9
test session. The animal remained in the test cage during >a_
sampling. After completing each withdrawal the catheter ..a

was flushed with 1 ml of heparinized saline and motion was _ 6
resumed. The time required to collect each sample was _:
50 s or less. A uniform 20-rain exposure to motion was ,- 1
assured by stopping the motion timer while the vertical 3
linear motion was stopped for blood withdrawal. Blood
samples were withdrawn according to a predetermined
schedule as shown in Table I. This procedure for collecting
samples was also used in control (no motion) sessions in
which the same animals were subjected to the same regimen
but w!thout the vertical _linear acceleration. Motion and lo
control sessions occurred in different pseudorandom orders
separated by 14 d. -_

Following test sessions, samples were centrifuged at 4"C _ 8
and 2000 rpm for 30 rain. Plasma was removed and stored

at -70"C until analyzed. Plasma AVP was radioimmunoas- "6
sayed as described by Keil and Severs (5). Conisol was g 6
determined using a radioimmunoassay kit (New England ..a
Nuclear). "5

Results = 4

The average resting level for the hormones was deter- o
mined for each animal by combining data from the four _ 2

"1o
ID

TABLE 1. SCHEDULE FOR WITHDRAWING BLOOD SAMPLES.

Sample Type of Sample Temporal Relationship to the Emetic
Number Reflex

1 & 2 Baseline 10 & I rain preceding start of motion
3,4,5,6 Experimental 1, 5, 10, & 20 min after start of mo-

tion

7 Recovery 60 rain after termination of motion

baseline samples (two samples from the motion and two
from the control sessions). There is no distinction between
motion and control sessions for these samples because ani-
mals were treated similarly prior to the onset of motion.
The Kruskal-Wallis one-way ANOVA by ranks was used to
test whether the resting level of hormones differed in the
animals from the three susceptibility groups. Analysis of the

data shows that there was no difference in the resting level
of either AVP (median levels for the SUSC, INCON, and
RESIS groups were 3.6, 4.0, and 3.0 pg.ml -_ plasma re-
spectively, H -- 0.15, p > 0.10) or cortisol (median levels
for the SUSC, INCON, and RESIS groups were 2.2, 3.0,
and 3.4 ug.dl -) plasma, H = 2.66, p > 0.10) in animals
from these groups. This result indicates that neither hor-
mone is related to (i.e., predictive of) susceptibility of the
cats to motion induced by vertical linear acceleration.

The levels of both AVP and cortisol in animals from all
three susceptibility groups tended to increase during expo-
sure to motion. The Kruskal-Wallis one-way ANOVA was
applied to data from each of the four samples withdrawn
during motion to determine whether levels of AVP and/or
cortisol were related to levels of susceptibility. There were

AVP
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Fig. I. The median values of AVP and cortlsol for eoch

sample In the control Imsslon (open bars) and motion =esslon

(stlpled bars). The basellne value Is the median of the average

values for the two samples withdrawn be/ore motion began.

All other medlan= are based upon =Ingle _mplea.
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no reliable differences in AVP (all Hs < 3.20, p > 0.10) or
cortisol (all Hs < 0.51, p > 0.10) in any of these samples.
Thus, changes in AVP and cortisol induced by motion
appear to be equivalent for animals representing the three
levels of susceptibility.

Because there were no differences in the levels of either
hormone for the three groups on any sample during motion,
the data from the three groups were combined to assess
changes in the hormones produced by motion. The levels
of AVP and cortisol based upon combined scores (n = 15)
during motion and control sessions are shown in Fig. I. In
this figure, and in the following analyses, the average of the
two samples withdrawn preceding the start of motion (or
the equivalent samples in the control session) was taken as
the baseline value (i.e., resting level) of the hormones. The
Mann-Whimey U test was used to test whether'levels in the
motion session differed from levels in the control session.
For both hormones, the levels during motion significantly
exceeded control levels only in the sample collected 20 rain
after the start of vertical linear acceleration.

The Wilcoxon test was used to assess the apparent in-
crease in the hormones in the recovery sample. Both AVP
and cortisol were higher in the recovery than in the baseline
sample (all Ts < 16, p < 0.01). Interpretation of this
elevation of both AVP and cortisol is difficult for no meas-
urements of plasma electrolytes or osmolality were made.
In this experiment the cats were deprived of water for up to
6.5 h preceding the recovery sample. This is a relatively
brief deprivation for osmotic-stimulation of AVP release,
and it is not clear that this is a sufficient duration of
deprivation to produce elevated AVP in the cat. Dehydra-
tion produced by restriction of water for 48 h does increase
plasma osmolality and elevate AVP in the cat (8), but data
for briefer periods of restriction were not provided. It should
be noted, however, that the mechanism for release of AVP
by osmotic influence is uncommonly sensitive in cats (8),
and that up to 12 ml of blood were withdrawn in samples
prior to the recovery sample in this experiment. Thus, the
combination of blood loss and the brief period of water

deprivation may have been responsible for the elevated
hormone levels in the recovery sample.

EXPERIMENT If: SAMPLING PLASMA AVP AND
CORTISOL AT THE TIME OF EMESIS

In the preceding experiment both AVP and cortisol were
higher after 20 min of motion than after the same period in
the control session. However, a clear understanding of the
relationship between the two hormones and the emetic
reflex is not provided by these data because blood samples
were withdrawn according to a predetermined time schedule
rather than in coordination with vomiting. Thus, the max-
imum rise in AVP may have been underestimated because
the hormone was metabolized during the interval between
vomiting and withdrawal of samples. This interval varied
from one animal to another, further complicating interpre-
tation of the data.

In this experiment, withdrawal of blood samples was
keyed to the emetic response to allow a more accurate
assessment of the relationship between emesis and plasma
AVP levels. Animals were stimulated by motion to the point
of vomiting. A blood sample was then withdrawn within 60
s. Motion was stopped when vomiting occurred so that
recovery rates of cortisol and AVP could be determined in
the absence of additional stimulation.

Materials And Methods

Four cats were prepared with indwelling catheters as in
Experiment I. The fasting and acclimation procedures for

TABLE I1. SCHEDULE FOR WITHDRAWING BLOOD SAMPLES
KEYED TO THE EMETIC REFLEX.

Sample Type of Sample Temporal Relationship to the Emeticnumber Reflex

I Baseline 10 rain preceding start of motion
2 Experimental Coincident with vomiting
3 & 4 Ex0erimental 3 & 6 rain alter vomiting
5, 6, & 7 Recover3: 25, 28, & 31 rain after vomiting

Flg. 2. Levels of AVP and cortl-
sol for the four cals tested In Ex-

perlment II. Each curve reflects
fhe data from the seven samples
from one anlmal.

100 10

AVP Cortisol8o- I 8oo t

¢o 40 __, _t 4

B 03 6 25 2831

Time, rain.
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test days were the same as those described for the first

experiment. In this experiment the test cage was attached
to a motor-driven platform which produced sinusoidal ver-
tical motion of 0.6 Hz and 0.5 m amplitude. Seven blood

samples were withdrawn according to the sampling schedule
shown in Table II.

Results

The levels ofconiso! and AVP are shown for each animal

in Fig. 2. Changes in plasma AVP are clarified by sampling
at the time of vomiting. The AVP level is sharply elevated
at the time of emesis (6 to 15 times the resting level). For
each animal, the maximum AVP level occurred at the time
of vomiting. Following vomiting the plasma AVP decreased
to less than one-half of the maximum, and continued to
decline gradually during the 31-rain recovery period.

The level of conisol also was elevated at the time of
emesis (0.4 to 4.7 times the resting level), but unlike AVP,

conisol remained elevated throughout the session. Changes
in cortisol appear to be of lesser magnitude relative to the

resting value than those of AVP. In addition, changes in
cortisol are smaller during emesis and return toward the
resting value more slowly than do changes seen in AVP.

EXPERIMENT III: LEVEL OF AVP IN CSF

The data from these first two studies confirm that AVP

rises in association with the emetic response in cats as it
does in man when sickness is induced by exposure to motion
(3,11 ) or by apomorphine administration (9). It is possible
that plasma AVP may have a fluid conservation function,
or that it may serve as a humoral link in the sequence of
events leading to nausea and emesis. Such a humoral link
has been proposed (1). To confirm such a mechanism it
would be important to demonstrate that AVP concentra-
tions in the brain are correlated with the emetic events. This

experiment addressed the issue by assessing the levels of
AVP in the CSF of cats.

Materials and Methods

Female cats were selected on the basis of their motion

sickness susceptibility as determined by their responses to
motion produced by a device similar to a miniature carnival
ferris wheel (2). This device produces a gentle stimulus that
does not appear to be stressful to the cat when operated at'
0.28 Hz and 0.89 m amplitude for 30 rain. The animals
were exposed to this motion while housed individually in
clear, ventilated plastic test enclosures (0.51 m long x 0.25
m wide x 0,33 m high).

Six cats were successfully implanted with chronic stainless
steel cannulae directed stereotaxically to the rostral poriion
of the fourth ventricie jUSt at its juncture with the cerebral
aqueduct. SurgeD' was performed under intravenous pen-
tobarbital anesthesia, and recoveries were uneventful. The

cannulae were sharpened 18-gauge h_errnic n_es cut
to exact length. Hubs of the needles were sealed with obtur-
ators at all times except for_secoi_ds-required to
withdraw CSF through 22-gauge inner cannulae, which were
cut to approximately the same length as the permanent
cannulae.

Testing occurred between 9:15 a.m. and noon. The inter-

TABLE II1. SCHEDULE FOR WITHDRAWING SAMPLES
OF CSF.

Sample Type of Sample Temporal Relationship1o the EmeticNumber Reflex

I & 2 Baseline 20 & 10 min preceding motion
3 Experimental Coincident withvomiting, or after

30 rain of stimulation forresistant
animals

4 & 5 Recovery 20 & 40 rain after sample 3

val between surgery and times of sampling was from 7 to
30 d. Five samples of CSF were withdrawn during a motion
test and another five samples for control data were taken
the following day with the same time parameters but without
motion. On both days, samples of 50 to 100 jal were with-
drawn according to the schedule in Table III. Samples were
quickly aliquoted into Chilled vials which were, in turn,
frozen on dry ice before storing at -80"C. Subsequently, all
samples were shipped in dry ice to NASA/Ames by over-
night mail for AVP radioimmunoassay.

Results

These data could not be analyzed with nonparametric
statistics because of the small size of the samples. Thus, a 2
(retching/vomiting vs. not retching) x 2 (Motion vs. Con-
trol) x 5 (samples) mixed ANOVA with repeated measures
on the last two factors was used to analyze the data. The
relationship between resting levels of AVP in CSF and
susceptibility to motion sickness was assessed by examining
differences between cats that became sick vs. those that did

not retch or vomit. The average level of AVP was higher in
cats that did not retch/vomit (66.6 pg'ml -_, S.D. = 9.3)
than in cats that did become sick (47.6 pg.m] -_ S.D. 3.4
IF(l,4) = I 1.13, p < 0.05]). The relationship between mo-

tion sickness and central AVP was assessod by differences
related to Motion and Control sessions, and differences
among samples throughout the test sessions. Levels 0fAVP
in Control and Motion sessions were not different (F < 1),

and the level of AVP did not vary reliably among the five
samples of the sessions [F(4,16) = 2.75, p > 0.05]. There
was no striking eleyation in AVP in Sample 3 when animals
retched/vomited (mean = 40.8 pg.m1-1, S.D. = 11.8) in
comparison with the same sample when the animals did not
retch/voifiit (mean = 48.0 pg.ml -_, S.D, = 10.8). Thus,
there is no evidence in these data that AVP is elevated in

CSF during (or immediately after) retching/vomiting. None
ofthe interactionsbetween variables produced effects which
were statistically reliable (p > 0.05 for all tests). '

GENERAL DISCUSSION

These experiments indicate that a dramatic elevation in
plasma AVP is associatedwith the emetic reflex in cats.
High levels of plasma AVP have been measured during

nausea as well as at the time of vomiting in man (4,9). An
association between AVP and nausea cannot be determined

conclusively in animals because nausea is identified by self-
report. However, when motion was continued following
vomiting in Experiment I a high level of AVP was often
maintained. This result is in contrast to the rapid decay of
AVP seen when motion was terminated at the time of

vomiting as shown in Experiment II. The continued high
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level of AVP might reflect a prolonged state of sickness and/

or nausea. If this interpretation i_ co_ecl, the fact that AVP
levels in susceptible and resistafit/:_ifS exposed to motion in

Experiment I were similar might suggest that although the
resistant cats did not vomit, they did experience the phys-
iological state of nausea.

The lexel of cortisol in plasma does not show a direct
relationship to vomiting and perhaps reflects nonspecific
stress induced bx the experimental conditions rather than
an effect of motion sickness. This finding is generally in
agreement with the results of Eversmann et al. (3) who
concluded that AVP is more closely related to motion
sickness responses than is conisol.

The relationship between susceptibility to motion sick-

ness and resting levels of systemic AVP appears to be
different in the cat than in man. Kohl et al. (6) reported
that resting AVP levels may be lower in susceptible individ-
uals than in those who are resistant. However, in this study
v,'ith cats, measurement of the hormone in animals that

differed greatly in their susceptibility to the motion failed
to demonstrate a clear relationship between plasma AVP
and susceptibility. Resting levels of plasma AVP were not
different for susceptible and resistant animals. In addition,
changes in the level of plasma AVP during stimulation were
not reliably different in susceptible and resistant animals.
Hov,ever. resting AVP levels in CSF were lower in cats that
retched/vomited during stimulation than in those that did
not. Resting levels of CSF-AVP may be related in some, as
_et unknown wax to sickness induced by motion, or to
central mechanisms related to the adaptability ofindividuais
to abnormal motion conditions.

These experiments suggest that changes in plasma AVP
are not accompanied by changes in the CSF-AVP levels.
Ho_ever. this interpretation must be made with caution
because AVP levels in CSF and plasma were not determined
simuhaneouslx. A systematic evaluation of this point should

be based upon time-dependent, simultaneous sampling of
the hormones in both CSF and plasma. Since no changes
were seen in CSF-AVP at or close to the time of vomiting,
this experiment fails to provide evidence that vasopressin
plays a role in the central stimulation of vomiting. However,
this conclusion must be tempered because the number of
tests made was small, and a relationship between CSF-AVP
and emesis could be obscured if the timing and/or site of
sampling of CSF were inappropriate.

It seems reasonable that vasopressin may serve a fluid
conse_'ation function during motion sickness. However,
these data provide little or no support for the concept that
AVP plays a causal role in vomiting induced by motion.
The mechanism for the release of AVP during motion-

induced vomiting remains unidentified and the very high
levels of systemic AVP seen immediately after vomiting
may reflect an association between the hormone and some

unidentified factor causing motion sickness and a simulta-

neous release of vasopressin. A potential, but untested
mechani_;m for this release could be stimulation of the
thoracic baroreceptor system. Large fluctuations occur in

thoracic blood pressure during the vomiting reflex (7), but
a causal relationship between these changes and the release
of vasopressin has not been examined. It should be noted

that release of vasopressin by stimulation of the barorecep-
tors would not account for high levels of AVP during nausea
in the absence of retching and vomiting (9). Thus, while the
baroreceptor system may contribute to the release of AVP,
it seems unlikely that this could be the sole cause of the
phenomenon.
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The afferent nerve activity was recorded from a nerve filament isolated from the peripheral cut end of

the gastric branch of the vagus nerve. The gastric perfunion of 4 ml of two different concentrations (0.04%

and 0.08%) of CuSO4 solution provoked an increase in afferent activity. The stimulating effect of the 0.08_
solution was stronger than that of the 0.04% solution, and lasted for a longer period of time. The observa-
tions suggest a possible mechanism by wMch CuSO4 eliats emesis.

It has been reported by Wang and Borrison [5] that the emetic action of copper
sulphate (CuSO4) is two-fold, involving a central as well as a peripheral effect. Their

report indicated that the interruption of the vagi had a more profound effect on the
threshold and latency of vomiting than did sympathectomy, which caused no discern-

ible changes in these parameters. They stressed that the vagal afferents play an impor-

tant role in the mediation of the peripheral effects of CuSO4. The present experiments

were designed to follow up on these observations by investigating the effect of CuSO4
on the rate of afferent discharge in the gastric branch of the vagus nerve.

Male Wistar rats weighing 300--400 g were used. Food, but not water, was removed

5 h before the experiment. Rats were anesthetized with 700 mg/kg of urethane and
50 mg/kg of chloralose, given i.p. A tracheal cannula was inserted.

The stomach could be perfused with CuSO4 or physiological saline through a cath-

eter which was placed in the esophagus and directed toward the cardiac portion of
the stomach. Another catether was placed in the pyioric portion of the stomach

through the duodenum as an outlet for the perfusate. Before starting the experimen-

Correspondence.. A. Niijima, Department of Physiology, Niigata University School of Medicine, Niigata
95 l, Japan.
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tal perfusions, the stomach was washed out with isotonic saline. Copper sulphate so-

futions of 0.04% and 0.08_ and isotonic saline were used for the experimental perfu-

sions. For each perfusion 4 ml of solution at 38°C were injected by syringe into the

stomach over a l-rain period. The solution was kept in the stomach for 20 rain, after
which time the stomach was flushed for ! min with isotonic saline.

The afferent nerve activity was recorded from a nerve filament isolated from the

peripheral cut end of the ventral or dorsal branch of the vagus nerve. The nerve fila-

ment was placed on a pair of silver wire electrodes and immersed in a mixture of

liquid paraffin and vaseline. Nerve activity was amplified by means of a condenser-

coupled differential amplifier, and stored on magnetic tape. Analysis of nerve activity

was performed after conversion of raw data to standard pulses by a window discrim-
inator that distinguished the discharge of afferent fibers from background noise. To

monitor the time course of changes in neural activity the rate of neural discharge was

determined by a ratemeter with a reset time of I or 5 s. The output of this ratemeter

was displayed on a pen recorder. Normal animal body temperature was maintained

by means of a heating pad. The ECG was monitored throughout the experiment.
The effect of CuSO4 on the afferent activity of the gastric branches of the vagus

nerve was determined by comparing the mean number of spikes per second obtained

over the 20 s (i.e. mean value of 20 successive measured samples) just before perfusion

of CuSO4 (baseline, firing rate), with those obtained 20 rain after the onset of perfu-
sion, and 30 rain after flushing out the perfusate with isotonic saline. Statistical signif-

icance of differences in discharge rate was determined by Student's t-test.

The perfusion of 4 ml of two different concentrations (0.04% and 0.08%) of CuSO4

solution provoked an increase in afferent activity of the gastric branch of the vagus
nerve. After the onset of the perfusion with CuSO4 the activity increased gradually

and the increase lasted until after the flushing of the gastric canal with isotonic saline.

The stimulating effect of the 0.08% solution of CuSO4 was stronger than that of the
0.04% solution, ancl lasted fora longer-pe_ of time as shown in t_e-ti_f_ti':_ce

of Fig. 1. With the 0.08% solution the increase in vagal activity lasted in general for
more than 1 h, even though the stomach was flushed after 20 rain of exposure to

the CuSO4. The peak of activity provoked by the CuSO4 was reached after perfusate
had been flushed out of the stomach (Fig. 1, upper and lower trace).

The effects seen on neural activity were not caused by mechanical effect of the infu-

sion of solution into the stomach, since the perfusion of 4 ml of saline resulted in

no noticeable increase in discharge rate beyond the transient increase that was

observed at the onset of perfusion of both the CuSO4 solutions and the saline (Fig.

1, lower trace).

Fig. 2 shows the mean discharge rate in spikes/s of 5 different preparations just

before (control), 20 rain after onset of0.08_ CuSO4 perfusion, and 30 min after rins-

ing with saline. Those discharge rates are 6.4+0.3 (S.E.M.), 13.4+ 1.8 and 18.8+2.3,

respectively. The difference between firing rates obtained during the control period
and the period 20 rain after onset of perfusion, as well as between the control period

and the period 30 rain after rinsing were statistically significant (Fig. 2).
The experimental results indicate that gastric perfusion of 0.08% CuSO4 solution
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increases afferent activity of the gastric branch of the vagus nerve. This finding sug-
gests a possible physiological mechanism by which CuSO4 elicits emesis. The failure

to induce emesis using CuSO4 after vagotomy (Oenchowski, quoted by Hatcher [1])

could thus be explained. The gradual increase in afferent discharge rate during

CuSO4 perfusion also suggests a physiological mechanism to explain the latency to
emesis (9-15 min) following oral administration of CuSO_.

It was established by Wang and Borrison [5] that the effective emetic concentration

of CuSO4 for oral administration was 0.08_ in the dog and cat. The observations

in this paper on the effect of CuSO4 seem to be more consistent at the 0.08% than

0.04% concentration and might be expected to elicit vomiting more reliably at this
concentration than at lower concentrations in the dog and cat.

The specific receptors mediating the gastric vagal afferent response to CuSO4 have

not yet been identified, although several candidates exist. Mei [4] has demonstrated

the existence of vagal chemoreceptors in the intestinal wall, while Iggo [2] has sug-

gested that gastric pH receptors exist. Mei [3] has also reported the existence of recep-
tors in the mucous membrane of the gastrointestinal wail. While any of these recep-

tors might be stimulated by CuSO4 solutions, the exact source of the stimulating ef-

fect of CuSO4 on gastric vagai afferents is not known. The existence of a specific
receptor for substances that act as emetics, such as CuSO4 and mustard, cannot be
ruled out.

Wang and Borrison [5] reported that vagotomy increases the latency for ernesis

induc-e-_by oralqy administered CuS04. Their reportmentioned t_at compiet£.biock-

age of_he emetic response to intragastric CuSO4 recitiir_q vagotomy -com_-_inedwi'th •

sympa._hectri'ny-.T--h-e-y-ffirtq'i----e-r_su_est--edtiaat thc_stHc _]_n_c a_ren-t patl'iway
may play a role in the emetic response. Further electrophysiological ob_servations
musi-_b_-maT_to determine whether a splanchnic afferenYpath_,-ayis invol:v-_d-ineme-
sis induce_ffbyCuSO4 and/or other gastric irritants and i0id_fi_fy tl_e re_toh re-
sponsible for the effects of CuSO,.

I Hatcher. R.A., The mechanism of vomiting, Physiol. Rev., ,1 II92'1)497-504.

2 [?,go. A Gastric mucosal chemoreceptors _'i{h vagal afferent tibers in the cat, Q..l. Exp. Physiol., 42
(1957) 39g_.

3 Mei, N., Mecanorecepteurs vagaux digestifs chez le chat, Exp. Brain Res,. II (1970) 502-514.

4 Mei. N.. Intestinal chemosensitivity. Physiol. Rev.,6_(1985") 211-237.

5 Wang, S.C. and Borrlson. H.L. Copper sulphaie crees'is: a study of afferent pathways from the gastroin-
testinal tract, Am. J. Physiol., 1265 (1951) 520--526.
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Conditioned Taste Aversion I_nduced by Motion Is Prevented

by Selective Vagotomy in the Rat

ROBERTA. Fox AND SUSAN MCKENNA I
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The role of the vagus nerve in motion-induced conditioned taste aversion (CTA)
was studied in hooded rats. Animals with complete, selective gastric vagotomy

failed to form conditioned taste aversion after multiple conditioning sessions in

which the conditioned stimulus (a cider vinegar solution) was drunk immediately

before a 30-rain exposure to vertical axis rotation at 150*/s. Results are discussed
with reference to the use of CTA as a measure of motion-induced "'sickness"

or gastrointestinal disturbance, and, because motion-induced CTA requires that

both the vagus nerve and the vestibular apparatus be intact, in light of the possible

convergence of vagal and vestibular functions, t 1988Academic Press, Inc.

The avoidance of a previously novel food which has been ingested

just prior to toxicosis or irradiation is a well-documented form of associative
learning called conditioned taste aversion (CTA). This learned aversion
is considered to result from a form of classical conditioning in which the
novel food serves as a conditioned stimulus (CS) that is followed by

(i.e., paired with) an unconditioned stimulus (US), the toxicosis or
irradiation.

It has been suggested that CTA might be used as a species-specific
measure of motion sickness in animals which do not vomit (Mitchell,

Krusemark, & Hafner, 1977) or as a measure of prodromal symptoms
of motion sickness (i.e., nausea) in species which do vomit (Roy &
Brizzee, 1979). These suggestions assume that motion-induced CTA results

' This research was supported in part by NASA-Ames Cooperative Agreement NCC
214-21 to the first author and by San Jose State University Foundation Grant GO-055-33

to the second author. This work was submitted in partial fulfillment of the Master of Arts

degree for S. McKenna. All procedures used in this experiment were in compliance with
the Guide for Care and Use of Animals upder the supervision of the Animal Care and

Use Committee of San Jose State Uni_vcrsity. The authors thank Dr. A. Niijima for his

tutelage on the anatomy of the subdiaphragmatic vagus in the rat and for his advice regarding

the procedures used in this projecL We also thank Drs. G. Crampton and R. Sutton for
their useful comments on an earlier draft 0f this paper and W. Tomiinson and L. Burguillos

for their assistance and intellectual contributions !o this work.
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from some form of general malaise or aversive internal state produced

by the motion. If CTA and the emetic reflex are to be considered alternative
measures of motion sickness, then it is expected that they should share
common neural pathways. While important neural pathways have been
identified for both the emetic reflex arc and CTA, few experiments have

directly examined the neural routes important to motion-induced CTA.
One neural pathway which is known to be important in CTA and the

emetic reflex involves the area postrema (AP). The AP is a circumven-
tricular site where there is a relatively rapid exchange of substances
between the blood and interstitial fluid (Borison, 1974) and it serves as

a chemoreceptive site for the emetic action of several toxins (Borison,
1974; Borison & Wang, 1953). Some blood-borne toxins are ineffective
USs for inducing CTA when the AP is destroyed in rats. Ablation of
AP either eliminates or attenuates the efficacy of scopolamine methyl

nitrate (Berger, Wise, & Stein, 1973), lithium chloride (Ritter, McGlone,
& Kelly. 1980), intravenous copper sulfate _Coil & Norgren, 1981), and
3, radiation (Ossenkopp & Giugno, 1985) as USs. Thus, with certain
toxins, the data are consistent with the expectation that CTA and the

emetic reflex might share a common neural pathway.
The AP was long thought to be involved critically in vomiting induced

by motion (Wang & Chinn, 1954). But recent studies have caused a
reexamination of this question (Borison & Borison, 1986; Corcoran, Fox,
Brizzee, Crampton, & Daunton, 1985; Wilpizeski, Lowry, & Goldman,
1986), and it is unlikely that AP plays an indispensable role in motion
sickness. When motion is the US for inducing CTA in rats, ablation of
AP either does not affect (Sutton, Fox, & Daunton, 1988) or enhances

(Ossenkopp, 1983) CTA. Motion is an effective US for CTA when AP
is destroyed in cats _Corcoran et al., 1985) and squirrel monkeys (Elfar,
Brizzee, Fox, Corcoran, Daunton, & Coleman, 1986: Wilpizeski & Lowry.

1987),
A second neural pathway which might be important in both CTA and

vomiting involves the vagus nerve. Gastric motility decreases (Schwab,
1954) and tachygastfia occurs (Stern, Koch, Leibowitz, Lindblad, Shubert,
& Stewart, 1985) during the development of motion sickness in humans
indicating vagal afferents could contribute to the total complex of symptoms
associated with motion sickness. With regard to CTA, toxins which

produce pica, the consumption of nonnutritive substances, and anorexia
in rats also can produce CTA (Mitchell, Wells, Hoch, Lind, Woods, &
Mitchell, 1976). The observation that pica is reported to occur in humans

suffering from gastrointestinal malaise is consistent with the assertion
that vagal afferent activity may contribute to CTA produced by motion
(Mitchell, Laycock, & Stevens, 1977) or gastric irritants such as intragastric
copper sulfate (Coil. Rogers, Garcia, & Novin, 1978). A precise function
has not been identified for vagal afferents in CTA produced with copper
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sulfate as a US. Vagotomy has been reported to disrupt (Coil et al.,
1978) and to enhance (Rabin, Hunt, & Lee, 1985) CTA in rats when

copper sulfate is the US. Vagal afferents do appear to influence CTA
induced by the effects of copper sulfate on the gut: thus, if gastrointestinal
effects occur in rats during rotation, vagal afferents could be involved
in the development of CTA when motion is used as an US. This experiment
was conducted to determine whether vagotomy affects the formation of
CTA when motion is the US.

METHODS

Subjects

A total of 30 Long-Evans rats purchased from Simonsen Laboratories
in Gilroy California were used in the experiment. The animals were

housed individually in suspended wire-mesh cages with Wayne Rodent
BIox available at all times during the experiment. Water was restricted
during conditioning as described below. The colony room was maintained

on a 12:12 h light:dark cycle with the light period commencing at 7:00
AM. Conditioning was conducted between 1:00 and 3:00 PM during the
light phase of the light:dark cycle.-

Animals were assigned to the three experimental conditions by a random
procedure so that nine rats were in the Intact and Ligation Groups and
12 rats were in the Vagotomy Group. The Ligation Group was used to
control for reduced gastric blood supply which occurred in animals in

the Vagotomy Group as an outcome of the surgical procedure described
below.

Procedure

Surgery. Vagotomies were performed using an adaptation of the method
described by Martin, Rogers, Novin, and Vanderweele (1977). The animals
were anesthetized with a mixture of 1.50 ml ketamine-HCI (Vetalar, 100
mg/ml), 0.75 ml xylazine (Rompun, 20 mg/ml), 0.30 ml Acepromazine
maleate, and 0.45 ml isotonic saline administered intraperitoneally (l
ml/kg). The stomach was exposed with a midline incision extending 2.5
cm from the xiphoid process toward the umbilicus. The stomach was

retracted to expose the esophagogastric junction, and the anterior trunk
of the vagus was dissected and sectioned distal to the hepatic branch.
The stomach was then rotated to expose the posterior trunk of the vagus.
The posterior vagus nerve and the gastric artery were identified in the
fatty mesentery close to the esophagogastric junction. Two 2-0 silk sutures
were tied around the gastric artery and the nerve 1-2 cm apart and the
artery and the nerve were sectioned between sutures. Gastric bundles

in the region of the cardiac sphincter and along the greater curvature of
the stomach were identified by staining with methylene blue. dissected,
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and cut with opthalmic scissors. After the vagus fibers were sectioned
the muscle layers were closed with a continuous suture using 2-0 gut,
and the skin was closed with interrupted 2-0 silk sutures. The gastric
arterial ligation procedure consisted of similar operative procedures, in-
cluding tying two silk sutures around the gastric artery and the posterior
vagus nerve and staining of anterior and posterior nerve branches. How-
ever, no nerves were sectioned during this ligation procedure. Some
damage may have occurred to the posterior branch of the vagus due to
crushing of the nerve by ligation, but the anterior branch of the vagus
should not have been damaged.

Verification of Vagotomy. The completeness of vagotomy was verified
using two methods discussed by Louis-Sylvestre (1983): the loss of body
weight early after surgery and a measure of gastric stasis. Gastric stasis
was assessed by excessive retention of food following a fast. After con-
ditioning tests were completed animals were returned to ad lib food and
water for 48 h and then fasted for 15 h preceding sacrifice. Under surgical
anesthesia stomach contents were removed and weighed. Euthanasia was
then induced with sodium pentobarbital (100 mg/kg intramuscularly).
Each animal with more than 1.0 g of food retained after fasting and who
had lost more than 10% of body weight within 6 days following surgery
(Clarkson, King, Hemmer, Olson, Kastin, & Olson, 1982) was judged
to have a complete vagotomy.

Drinking regimens. Animals were adapted to a restricted drinking
schedule prior to surgery by gradually reducing the duration of daily
access to water from continuous access to 12 h (3 days), then 6 h (2
days), and finally to 2 h per day (5 days). This procedure facilitated rapid
adaptation to a similar schedule after recovery from surgery so conditioning
could be conducted before vagal nerve fibers could regenerate (Powley,
Prechtl, Fox, & Berthoud, I983).

For the daily drinking regimen used during conditioning the animals
were permitted an initial drinking opportunity with a duration of 10 min
followed 100 min later by a second session with a duration of 10 min.
Thus, the animals were deprived for 22 h and were then permitted two
10-min drinking opportunities, one at the beginning and one at the end
of a 2-h period. A one-bottle conditioning procedure as was used in this
experiment may severely reduce the fluid intake if animals develop CTA
to the solution used as the CS. Because rats tend to eat during and after
access to fluid, allowing two daily drinking periods during conditioning
facilitated more normal hydration and feeding.

Following adaptation to the preliminary drinking regimen water was
available ad lib for 3 days to reestablish normal hydration and eating
patterns and to ensure homeostasis prior to surgery. Food was withheld
for 12 h preceding surgery as a general precaution against aspiration
during anesthesia and surgery.
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Surgerieswereperformedon2days.Eightanimals(sixvagotomyand
two gastricligation)werein SurgeryGroupI on thefirst dayand l0
animals(threevagotomyand sevengastricligation)werein Surgery
GroupII completed2dayslater.Aftersurgerytheanimalsweremaintained
on adlib foodandwaterfor either7 days(SurgeryGroupI) or 5 days
(SurgeryGroupII). Moistened,powderedchowwasprovided for the
first 2 of these days following surgery. Over the next 7 days the animals

were readapted to the restricted drinking regimen by reducing the daily
access to water for 12 h (I day), then to 6 h (! day), and then to 2 h

per day (5 days). During the following 7 days of the conditioning period
access to water occurred in two 10-rain drinking sessions.

Conditioning. A one-bottle conditioning procedure was used. On con-

ditioning days animals were permitted_access to a novel flavored liquid
(4% (v/v) solution of Heinz vinegar) during the first 10-min drinking
period. The amount of fluid consumed by each animal during this period
was determined by weighing drinking bottles before and after the drinking
session. Conditioning procedures occurred in three sessions on alternate
days during a 5°day sequence. An additional test day occurred on the

seventh day when the animals were provided access to the vinegar solution
but did not experience the US. In each conditioning session the animals

were exposed to vertical axis rotation at 150°/s for 30 min beginning 5
rain after the end of the first drinking period. At the end of the 30-min

rotation period each animal was returned to its home cage. The second
drinking period (tap water only) began 100 min after the first ended.

Conditioning was initiated 12 to 14 days following surgery to minimize
any effects of reinnervation following vagotomy (Powley et al., 1983).

RESULTS

Measures of Vagotomy

All animals subjected to the vagotomy procedure lost more than 10%

of their presurgical body weight within 6 days after surgery. According
to the stasis measure, vagotomy was judged to be less than complete in
two animals. Both of these animals retained less than 1.0 g of food
following the 15-h fast and thus Were not used in further analyses. Summary
statistics for the two measures used to assess the extent of vagotomy
are shown in Table 1. These data describe the measures for the 27 animals

(nine per group) used in all further analyses. Weight loss was greater in
both groups subjected to surgery than in the Intact Control Group which
was deprived in the same manner but did not undergo any operative
procedure, t's (16) > 4.65, p < .01. The mean percentage of body weight
lost after surgery was greater for the Vagotomy Group than for the
Ligation Group, t(16) = 2.69, p < .02. However, this measure did not
effectively identify animals with complete vagotomy because some animals

,,-- _
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TABLE I

Descriptive Statistics for the Two Measures Used to Assess the Completeness

of Vagotomy

Experimental group

Measure Statistic Vagotomy Ligation Intact

Weight Mean - 23.6 - 16.8 - 3.7

Change

(percentage) Range - 27 to - 18 - 27 to - 6 - 12 to ÷ 2
Stomach Mean 4.6 0.2 0.4
Contents

(grams) Range 2.6 to 7.7 0.04 to 0.43 0.09 to 0.90

subjected to ligation of the gastric artery alone lost a percentage of weight

as great as that lost by animals subjected to vagotomy. On the other

hand, animals subjected to ligation of the gastric artery retained sufficient

stomach stasis so that stomach content retention by these animals did

not differ from that of the Intact Group, t(16) = 1.48, p > .10.

Conditioning

The mean daily intake of the vinegar solution by animals in each of

the three groups is shown in Fig. I. The mean intake on Experimental

Day 1 reflects the amount of vinegar solution drunk before conditioning

and thus serves as a baseline measurement for intake. To determine

i 5
4

2
-m- LIGATION "_

m o _ i • u

1 2 3 4

EXPERIMENTAL DAYS

Fro, !. Mean intake of vinegar-flavored water by the three groups in the four drinking

sessions. On each experimental day flavored water was drunk immediately before 30 rain

of rotation. Thus, intake on Day ! is a baseline preceding conditioning, and the intake on
each of the remaining experimental days reflects conditioning effects of rotation from the
preceding experimental day.
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whether the mean intake by the three groups differed before conditioning,
a randomized one-way analysis of variance was conducted on the intake
data from this baseline measurement. No reliable differences between

groups were reflected by this analysis, F(2, 24) < 1. A 3 (groups) x 4
(days) mixed analysis of variance with repeated measures on the second
factor was used to conduct an overall analysis of the intake data. Both
the main effect for Days, F(3, 72) = 28.50, p < .001. and the interaction
of Groups with Days, F(6, 72) = 5.10, p < .001, were statistically reliable.
Intake by the Intact and Ligation Groups decreased with successive days
(Experimental Days 2, 3, and 4) reflecting the development of CTA. For
both groups the mean intake on Days 3 and 4 was less than that on Day
!, t's (8) > 3.75, p < .01. In contrast, the mean intake of vinegar solution
by the Vagotomy Group did not vary over the Experimental Days [for
the comparison of all succeeding days with Day 1, t's (8) < 0.76, p >
.50] indicating CTA did not develop in animals with complete vagotomy.

DISCUSSION

The principle finding of this study is that repeated exposure to rotation
failed to produced CTA in rats subjected to vagotomy. This finding

suggests that vagus nerve activity contributes importantly to the con-
ditioning effects of rotation as an US.

Neural damage from ligation was not assessed in this experiment, but

the crushing effect of ligation certainly must have disrupted axonal trans-
port, and may have induced alterations in protein synthesis in the cell
bodies of the posterior branch of the vagus nerve (Dahlin, Nordborg. &
Lundborg, 1987). The observation that rats subjected to this ligation
procedure formed CTA in a manner that was indistinguishable from that
of intact rats suggests that the posterior branch of the vagus is not
required for motion-induced CTA. and, therefore, implies that the ventral
branch, the sympathetic branch, or both are required.

Reports of the effects of vagotomy on CTA induced with intragastric
copper sulfate as an US have produced conflicting results regarding the
role of visceral afferents in CTA. Coil et al. (1978) reported that vagotomy
prevented CTA but Rabin et al. (1985) found the magnitude of CTA
enhanced in rats subjected to vagotomy. Rabin et al. argued procedural
differences would not account for these conflicting findings, but the precise
cause of the differences is unknown. Significant differences in the outcome
of vagotomy could result from variability in' the organization of either
subdiaphragmatic vagal nerve fibers or paraganglia, or from differences
in regeneration of fibers following surgery. In both of the previous studies
a recovery period of 4 to 6 weeks occurred between surgery and con-
ditioning. In the present study this recovery period was reduced to 12
to 14 days in order to minimize variability produced by the possible
regeneration of fibers (Powley et al., 1983).
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The disruption of CTA by vagotomy shown here is consistent with

the concept that afferent fibers of the vagus signal gastrointestinal disruption
which serves as the proximal US for the development of motion-induced

CTA. However, a precise role for visceral innervation in this capacity
cannot be determined from this experiment. The surgical procedure used

here interrupted both efferent and afferent fibers from the stomach, thereby
eliminating vagovagal gastric functions. This procedure probably did
eliminate gastric sensory input but it also eliminated the effector functions

of the vagus, and it is not clear whether this disruption of the vagovagal
circuitry impacts CNS functions which are important to CTA. The dis-
ruption of CTA reported here could result from the disturbance of normal
functions in unidentified neural networks in the CNS or PNS where

vagovagal and other neural inputs normally converge. Convergence of
vagal and vestibular functions is implied indirectly because motion-induced
CTA is attenuated by the disruption of labyrinthine function (Haroutunian,
Riccio, & Gans, 1976; Hartley, 1977; also discussed in Ashe & Nachman,
1980). Thus, it appears that motion-induced CTA requires both labyrinthine
and vagal functions. Convergence of vagal and vestibular circuitry is
further indicated by the fact that the rate of afferent discharge in the
vagus nerve is reduced by caloric stimulation of the labyrinth (Niijima,
Jiang, Daunton, & Fox, 1987). The important brain areas which may be
altered by sectioning the vagus nerve cannot be specified with certainty,
but the AP, periaqueductal gray matter, nucleus tractus solitarius, and
amygdalar complex are areas which are known to be important to CTA
and to have primary or secondary interconnections with vagal afferents
(Ashe & Nachman, 1980). In the absence of a clear knowledge of vagovagal
interactions with various brainstem and/or higher CNS functions, the
attribution of the effects shown here to sensory functions alone would
be premature.
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AbstraCt

Immunocytochemic:Ll methods were employed m localize the neuro_ansmitter
amino acid T-aminobutyric acid (GA.BA) by means of its biosynthetic enzyme

glutamic acid dec_boxylase (GAD) and the neuropepdde substance P in the area
pos_rema (AP), area rubpos_ema (ASP), nucleus of the tractus solitarius (biTS)
and gelatinous nucleus (G EL). In addl tion. elee_cal stimulation was applied to the

right vagus nerve at the cervical level to assess the effects on GAD-immunoreac-
tivity (GAD-IR).

GABA: GAD-IR te.,'miaals and fibers w_'e observed in the AP, ASP. NTS

and GEL They showed pronounced de_ity at the level of the ASP and gradual
decrease rewards the solitary complex. N_'ve ceils were not labelled in our
preparations, Ul,',asta'ucmra]_udics_ showed symmetric or asymme_'ic synaptic
contacts between labelled terminals and non-immunoreactive dendrites, axons or
neurons. Some of the labe[Itd terminals contained both clear- _,Id dmase.-core
vesicles. Our preliminary Findings, aft_ etec:rica[ stimulation ofthe vagus nerve,
revealed a bilat_'al dec, ease of GAD:IR that was partic-larly evid_,at at the level
ofthe ASP.

Substance P: SP-immunoreactive (SP-IR)te.-minals and fiber'sshowed vary-

ing densities in the AP, ASP. NTS and GEL. In our preparations, the lateral sub-
division of the NTS showed the greatest ac=umulation. The ASP showed medium

density of immunoreactive varicosities and terminals and the AP and GEL

Ktjwords: GABA, substance P, vagus nerve, area postrema, nucleus trac,'_ solitarius, immtmo-
cytochemisu-f, electrical stimulation
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displayed scattered varicose axon terminals. The e/ecn'on microscopy revealed

that a/l h'nmunorem:dve term/na/s contained c/ear-core and dense-core vesicles
wh/ch made symme_c or asymme_c synapt/c contact with un_abeI]ed dendrite.

It is suggestedthat the GABAergic r_rraina/s might correspond to vaga/
.afferent projections and that GAD/GABA and substance p might be co-localized

au the same termina/ allowing the possibiIi.ry of a regular,, d release of thetran.smitters in relation to demands.

Introduction

The present report is pan of a study designed to investigate the interact/on between

nearopeptides and conventional ne'arotransmiuers under conditions prOducing motion
sickness and in the process of sensory-motor adaptation.

A vast amount of literature has dea/t with the cytoan:hitecm_,-al organization and
ult.rasa'uctural analysis of the area postrema (AP), area subpostrema (ASP), nucleus of the

tractus solitarius (N'FS) and gelatinous nucleus (GEL), all smactures loca/ized in the dorsa/

part of the medulla oblongata (e.g., Olszewski and Baxter, 1954; Taber, 1961; Gwyn and

Wo/stencroft, 1968; K/ara and B riz.zee, 1975, 1977; Chernicky et al., 1980; D'Ame/io et al.,
198.6). Anatomica/studies have provided de',ails of their somamtopic organization in retation

to visceral aft'erents and physiological Findings have demonsa-ated the/r involvement in a

variety of autonomic functions (e.g., yon Euler et aL, 1973; Gwyn et aL, 1979; Gwyn and
Leslie, I979; Katz and Karten, 1979; Gale et aL, 1980; Hamilton and GiLlis, I980; Helke et

aL. 1980; Ka/Ja and MesuLam, 1980a, b; Panneton and Loewy, 1980; Ciriello etaL, 1981;

K,a/ia, 1981; Kalia and Sullivan, 1982; Helke, 1982). Neurotransmiuers such as GABA,

catecholamines, neuropeptides and serotonin have been identified by immunocytochemica/

procedures (e.g., Armstrong et al., 1981, 1982.a, b; Ma/ey and E/de, 1982; Maley etaL, 1983;
Ka/ia et al., 1984; Ma/ey, 1985; Maley and Newton, 1985; Newton et al., 1985; D'Amelio

et al. 1987; Ma/ey et al., 1987; Newton and Ma/ey, 1987; Nomura etaL, 1987) and in some

cases, synapdc interactions between neurotransmitters have been established (Picke/et

aL,1979, 1984; Kubota etaL, 1985). By combining autoradiography andjmmunocytochem.
istry, Sumal etat. (1983) reported synaptic interactions between vaga/afferents and catechol-

aminergic neurons in the NTS of the rat. GILa/fibriilary acidic protein and glutamine
syn thetase were identified in the giioependymal cells and astrocytes of the eat AP (13'Amelio

et al., 1985, 1987). The rele vance of the AP as ',k,eemetic chemoreceptor trigger zone has been

corroborated (Borison and Briz.zee, 1951; Carpenter et aL, I983; Borison et aL, 1984) and

evidence of its participation in the emetic response to motion has also been reported ('Wang
and China, 1952, 1954; Brizzee et aL, 1980; Cmmpton and Daunton, 1984).

In this report we will describe the light microscopic distribution and ultrastructura/
appearance of GAD- and SP-immunoreactivity, the preliminary observations on the effects

of electrical stimulation of the vagus nerve on GAD-tR and discuss some of our views with

respect to the relationship between neurotransmitter action and distribution pattern and
degr_'of density of the immunoreactive structures.

;1

-:1
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Material and Methods

Animals

Adult cats were employed for this study. They were housed in air-conditioned rooms and
given regular dry pellet cat food and water ad libitum.

Antisera

The well characte,'-ized GAD-antiserum (code #P3) was kindly provided by Dr. Jang-
Yen Wu (Pennsylvania S tam University, Hershey Medical Center, Hershey, PA) (for review,
see Wu et al., 1982).

The monoclonal antiserum for substance P was obtained from Pel-Freeze Biologicals,
code MAS 035b.

Immunocytochemical Procedures

The peroxidase-antiperoxidase method developed by Sternberger (i979) was employed
to visualize the immunoreactivity ofboth GAD and SP. Dilution of antisera was 1:10t30. The

details of the general procedures concerning fixation of the brain and treatment of the sections
have been previously published (D'Amelio et aL, 1987).

Electrical Stimulation of the Vagus Nerve

The animals were tranquilized with an intramuscular injection of 0.5 ml ketamine HC1,

after which they were anesthetized with an intravenous injection of sodium pentobarbital (30-

35 mg/kg). The right cervical vagus nerve was exposed between the branching points of the

superior pharyngeal and the recurrent nerves. Bipolar electrodes werepositioned on the nerve
and biphasic square-wave pulses of 0.6 sec duration were applied at 1-10 ma and 60 Hz. The

current was steadily increased from 1 ma to 10 ma to determine a threshold response from

the nerve. The threshold response was hyperventilation as observed visually or recorded on

a polygraph via a respirometer. The nerve was stimulated continuously for a total duration

of one hour. During the last 5 minutes of stimulation the thoracic cavity was opened and the
perfusion procedure via the heart was started (see D'Amelio et al., 1987). - -

Results

GAD lmmunocytochemistry

The details of GAD-immunoreactivity in the AP, ASP, NTS and GEL have been

published elsewhere (D'Amelio et al., 1987). Briefly, the light microscopic examination

revealed variable degree of density of the GAD-IR terminals and fibers along the rostrocaudal
axis. Their distribution is exemplified in Figures IA, B and C.

It is obvious that the ASP is distinguished from the AP and NTS by its high concentration
of GAD-IR pre-term inal fibers and boutons which are seen at all levels examined. No labelled

neurons were observed in our preparations.
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Fig. 1. A: Rostra/ segment at the level of the area postrema (AP). The area
subpostrema (ASP) is distinguished by the high density of GAD-IR terminars. The
decrease in density is evident towards the gelatinous nucteus (GEL). B: GAD-(R

is present in the lateral sub-divisionof the nucleus of the tractus solitarius (NTS).
The medial region of the nucleus (M) shows lighter immunoreactivity. C: Medial
segment of the AP. Patches of GAD-IR terminals are visible throughout the AP.
The high density of the ASP is also apparent at this level. D: Medial segment of
the AP. In both the AP and ASP there is extreme depletioo o/immunoreactivity
after electrical stimulation• Only scattered GAD-IR immunoreac'live boutons are

visible in the ASP. IV, fourth ventric!e:T, solitary lract. Magnifications: A, x150; B,
C and D, x250.

The ultrasLructural study demonswatcd that the GAD-IR boutons corresponded to

immunoactive terminals with occasional staining or" the pre-terminal segment. The im-
munoprecipitate outlined clear syrmptic vesicles, mitochondria and the inner surface of the
plasma membrane. Many or" the profiles con_ned dense-core vesicles in variable number.

Synaptic contacts, either symmetric Or asymmetric were observed between labelled termi-

na/s and unlabelled dendrites, axons or neurons (Fig. 2).
The most ostensible finding of our preliminary observations after electrical stimulation

of the vagus nerve was a noticeable bilateral decrease in density of the GAD-IR terminals of

the ASP. In non-stimulated animals the density of these terminals was clearly higher in ASP
than in the underlying structures. The decrease with stimulation seemed to involve all Icvels
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Fig. 2. A: Symmetric synaptic contact (arrow) between a GAD-IR axon profile and
an unlabelled axon containing clear-core vesicles and scattered dense-core ves-

icles (arrowhead). B: GAD-IR profile forms a long symmetric contact with a

dendrite (D). C: A GAD-IR axon terminal which c_nmins clear-core vesicles and a

few dense-core vesicles forms symmetric contact with a dendrite (arrowhead). In

close apposition to the immunoreactive terminal is seen a non-immunoreactive

axon profile forming an asymmetric contact with the same dendrite (arrow). D:

Symmetric contact (arrow) between a GAD-IR axon profile containing both clear-
and dense-core vesicles and a dendrite. E: Asymmetric (arrow) and symmetric

(arrowhead) contacts between two GAD-IR terminals with the same dendrite (D).

F: GAD-IR pre-terminal segment and bouton. Several dense-c_re vesicles are

seen in addition to the c!ear-c,2.oreones• Magnifications: A, xl 6,000; B, x25,000; C
and D, x20,500; E and F, x25,000.
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oftheASP (Fig.ID).The levelofGAD-IR intheAP,NTS andGEL alsoshowedadecrease

instimulatedanimals,withsomeinter-animalvariationinthedifferentregions.Thisfinding
hastobeevaluatedwithfurtherquandtadvcassessment.

IV

Substance P [mmunocytochemistry

The pattern of immunoreacrlvity of this neuropeptide within the .-kF',ASP and N'I'S is
largely consistent, with some variations, with that found by other investigators (Maley and
Elde, 1982; Newton etal., 1984). In the ventromedial pan of the ASP, SP-IR punt:ate
structures and varicose axons appeared to be more abundant than in the dorsolateral region.
In the AP, NTS and GEL, varying densities of immunoreactivity were found along the rostro-
caudal axis, arranged into ag_egates of ill-defined boundaries. The AP proper contained
mainly varicose [erminals, randomly distr_uted. In our preparations the _',r'i'Sexhibited
labelled terminals and varicosities in all topograph[calsubdivisions with distinct pronounced
density in the lateral subdivision. We did not find labelled neurons in any of the regions under
study (Fig. 3).
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Fig. 3. A: SP-IR terminals are seen in the ASP, particularly towards the ventrome-

dial region. A decrease in density_s observed dorseiateral[y. Scattered patches of

immunoreaclive terminals are seen in the AP proper (arrow). B: The pronounced
density of SP-IR terminals and fibers is apparent in the lateral sub-division of the

NTS and contrasts with the light immunoreactivity of the medial region (M). T:
solitary tract. Magnifications: A and B, x250.

We concentrated our electron microscopic studies mainly on the AP and ASP. The most
significant finding was that all the immunoreactive terminals contained dense-core vesicles
in variable number (2-10) together with clear-core vesicles bound by immunoprecipitate. The
majority of the dense-core vesicles showed immunoreactivity. The synaptic contacts were
mainly between labelled axons and dendrites, either symmetric or asymmetric (Fig. 4).

|
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Fig. 4. A: SP-IR immunoreactive bouton in which the dense-core vesicles are

markedly immunoreactive, except for one (arrowhead). B, C and D: Symmetric

synapdc contacts beween SP-IR terminals and unlabelled dendrites (arrow-

heads). E: Two SP-IR terminals, one weakly labelled (arrowhead) and the other

strongly, immunoreactive {arrow), forming symmetric contacts with the same

dendritic profile. F: Two axon terminals, one SP-IR and one unlabelled (Ax), in
close apposition. Magnifications: A, x25,000; B and C, x20,500; D, x 16,000; E and
F, x20,500.
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Discussion

It is our contention that extreme caution should be applied in assessing the distribution

and 'mapping' of neurotransmittcrs in the central nervous system by means of immunocyto-
chemical techniques. It is frequendy neglected that the difference in immunocytochemical

images in various areas of the brain obtained by different investigators is, in many instances,
not the product of methodological procedures, source or sensitivity of antiscra, etc., but of

the dynamic character of intercellular signaling among neurons, which also frequently
accounts for inter-animal variation. This signaling is the reflection of the actual 'motion' of

neurotransmitters within a functional system in response to external (environmental) or
internal (homeostatic changes) conditions which in turn might affect the rate of biosynthesis

of the transmitter or its precursor and hence its release. In consequence, we prefer to consider

the distribution of a particular neurotransmitter as 'provisional' and rely upon procedures
such as tract-tracing methods, autoradiography, and physiological methods, combined with

ultrastructuml and light microscopic immunocytochemistry, to g'y to def'me communication
lines among neural regions.

Foll6wing this line of argument for the region under study, we think that the distribution

pattern of GABAergic terminals in the AP, NTS, ASP, and gelatinous nucleus, closely

resembles that of vagal afferent projections found by means of horseradish pcroxidase (HRP)

injections of the proximal cut ends of the vagus nerves (Ciriello et al., 1981), following I-IRP
or pI-{]leucinc injections of the nodose ganglion (Gwy'n et al., 1979) and with the use of

degeneration methods after the removal of the nodose ganglion (Gwyn and Leslie, 1979).
Furthermore, our preliminary findings of the depiction of GAD-IR in those areas after

electrical stimulation of the vagus nerve seem to confirm that at least part of the GABAergic

projections correspond to vagal afferents. The bilaterality of the GAD-immunoreactivity

depletion seems also to coincide with the wact-Iracing studies of Kalia and Mesulam (1980),

who found bilateral sensory labelling of the AP and NTS after t-{P,P injections of the fight
nodose ganglion. There also appears to be evidence that the depletion in GAD-IR is not due

a widespread effect of the vagal stimulation, since some areas of the histological sections,
e.g., the (1nucleus of the inferior olive, show prominent GAD-IR in both non-stimulated and

stimulated cats. As for the causes of GAD-IR depletion, it is an early stage in this research
to auempt an explanation, since the analysis of sub-cellular and molecular mechanism_ has
not been initiated. - .........................

With respect to SP-IR in the AP, NTS and ASP, it is interesting to notice that although
the density gradients differ from those of GAD-IR, they follow a-similar pattern of

localization, with the lateral sub-division of the NTS showing the greatest accumulation of

SP-IR terminals and fibers, At this point, and in keeping with the opening remarks of our

discussion, it is important to emphasize that it is not density, considered in a rigid context,

of immunoreactive fibers and terminals that is e_c_ted t0 provlde/neafiingfu] data tb_s
the functional significance of neurochemical phenomena in a given area of the nervous

system. For example, in previous studies dealing with the immunoreactivity of substance P

in the NTS of the cat (Maley and Elde, 1982) and Rhesus monkey (Maley et al.. 1987). it was

reported that the respiratory subdivisions displayed a low level of immunoreacdvity. These

findings led the researchers to speculate that substance P does not play a major role in the

mediation of respiratory functions. However, measurements of substance P by microdialysis
5
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in the cat NTS ('Lindefors et of., 1986i and-microinjections of substance P in the NTS of the

rat (Car_r and Lightman, 1985) have supplied significant evidence for the relevance of

substance P in respiratory functions. In our opinion, the significance of the presence of a
neurotransmitter within a particular structure will not be properly understood until its source

and synapdc relations with other functional systems are clearly defined.

One feature that deserves to be stressed is the presence in all SP-IR terminals of dense-

core vesicles, a characteristic already shown in the NTS and other regions of the nervous

system 0Vlaley, 1985; Picke] et al., 1979). The possibility of peptide storage by those vesicles
has been suggested by Pickel et al. (1979). Interestingly, many GAD-IR t_rminals also

contain dense core vesicles in addition to the clear-core ones. This observation suggests that
both messengers, GABA and substance P, may coexist within the name terminal, as has been

previously reported for other areas of the nervous system. For example, 95-98% of SP.IR

conical neurons have been found to be also immunoreactive for GABA and GAD (Jones and
Hendry, 1986). Addidor)al observations account for the possibility of such co-existence.

tmmunocytochemical studies of substance P in other species have shown its presence within

the neurons of the nodose ganglion, which is Imown to send sensory projections to the solitary
complex and AP (Katz and Kanen, 1980). Since, according to our observations and those of

others, both GAD and substance P are consistently present in those regions, it is reasonable

to assume that the sensory ceils of the nodose ganglion might regutate the genetic expression

of GABA, substance p and their biosynthetic enzymesl Our own preliminary studies after

infra-nodose electrical stimulation of the vagus nerve provide further support to this

hypothesis. Naturally, the possibility of the existence of separate neuronal populations in the
nodose ganglion expressing either GAD/GABA or substance P, cannot be excluded.

The co-existence of both neuronal messengers in fibers and terminals of the region under

study would once again demonstrate the extensive scope of the transmission process and the
adaptive capacities of brain circuitry, with variable and regulated responses for the release

of a neurotransmitter (or neuromodulator) according to the imposition of a given stimulus.
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Abstract

Conditioned taste aversion (CTA) is one of several behaviors which has been

suggested as a putative measure of motion sickness in rats. A review is made of

studies which have used surgical disruption of area postrema or the vagus nerve to

investigat- whether CTA and vomiting induced by motion may depend on

common neural pathways or structures. When the chemoreeeptive function of the

area postrema (AP) is destroyed by complete ablation, rats develop CTA and cats

and monkeys develop CTA and vomit. Thus the AP is not crucially involved in

either CTA or vomiting induced by motion. However, after complete denervation

of the stomach or after labyrinthectomy rats do not develop CTA when motion is

used as the unconditioned stimulus. Studies ofbrainstem projections of the vagus

nerve, the area postrema, the periaqueductal grey, and the vestibular system are

used as the basis for speculation about regio_ which could mediate both motion-
induced vomiting and behavioralfood aversion.

Introduction

Animals commonly avoid the ingestion of foods treated with non-lethal doses of poison. The

laboratory study of this phenomenon has led to the development of specialized procedures

for investigating the role learning plays in this behavioral aversion to poisoned food. These

procedures commonly axe referred to as the 'conditioned taste aversion paradigm'. In t','pical

applications of this paradigm a previously novel food is ingested just prior to poisoning. This

'pairing' of food with the effects of poisoning results in a strong, long-lasting avoidance of

ICe'yword.$:. conditioned taste aversion, vomiting,areapostrerna, vagus nerve.,reticular formation,
vestibular system, periaqueductal grey, nucleus _raetus solitarius
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Neural Structures

Surgical lesions have been used in numerous experiments to investigate the neural

structures crucial to CTA and vomiting. Usually, such studies have been used to investigate

the effecLs of lesions on vomiting or on CTA independently, but not upon both responses

simultaneously. Many of these studies have focused upon the AP and the vagus nerve. Thus,

in independent studies it has been shown that the AP is critically involved in the emetic and

in the conditioning efficacy of certain toxins. These effects commonly _,'e attributed to a

chemorec eptive function of the AP (Coil and Norgren, 198 I; Carpenter et al., 1983; Borison

et al., 1984). In addition, involvement of the vagus nerve has been shown in both vomiting

(Borison, 1952) and CTA (Coil et al., 1978; gabin et al., 1985) induced by intra-gastric
copper sulfate.

Studies conducted as direct examinations Of the role of the AP and the vagus nerve in

motion-induced CTA and as simultaneous evaluations of the relationship been CTA and
vomiting have occurred only recendy. It has been known for some time that rotation could

be used as a US to induce CTA in rats (Braun and MCintosh, 1973; Green and Rachlin, 1973).

Because the AP had long been thought necessary for motion-induced vomiting in dog, cat,

and monkey, and because the AP was known to be involved critically in the induction of eTA

by certain toxins and radiation, the role of the AP in motion-induced CTA was investigated

f_rst. Ossenkopp (1983) reported that rats with the AP ablated formed a stronger CTA than

unoperated rats when saccharin was paired with motioh_ lqe proposed that this enhanced CTA

couldhave occurred because ablation trAP influenced the intake of the saccharin (a preferred
fluid) which was used as a CS. A second study (Sutton et al., in press) also demonstrated that

motion can be used to induce CTA in rats with the_ablated, but did not find enhanced CTA

in ablated rats when a cider vinegar solution was used Ls the CS. In these two studies

conditioning failed to occur when blood-borne t0Xins=w-ere Used as the US (scopolamine

methyle nitrate and lithium chloride, respectively), thereby indicating that the chemorecep-
rive function of the AP was eliminated by the ablations. Thus, in rats, the AP a pparendy is

not a chemoreceptive site of action for a neurohumoral substance critical to motion-induced
CTA.

Recent ablation studies have demonstrated clearly that the AP is not required for motion-

induced vomiting in cats (Corcoran et al., 1985; Borison and Borison, 1986) or squirre!

monkeys (Elfar et aL, 1986; Wilpizeski et al.. 1986). Vomiting and CTA have been assessed

in the same animals after ablation of the AP in three experiments. After ablation of the A.P

in cats, neither vomiting nor CTA was producedby a dose of xylazine which reliably

produces vomiting in cats (Corcoran et al., 1985). Vertical linear acceleration did produced
vomiting on some trials, and CTA was produced when this motion was used as the US with

these same AP-ablated cats. In squirrel monkeys with AP ablated. CTA was not produced by

an intraperitoneal injection of LiCl, a chemical wfiich r_u_tres an intact AP to produce CTA

in rats (Ritter et al., 1980; Sutton et al., inpress). HoweVer, these same monkeys vomited in

some tests when exposed to vertical axis rotation, and CTA was produced by this motion

stimulation ('Elfar et al., 1986). In the second study with squirrel monkeys, conditioned

aversion was not investigated with chemical toxicosis, but rotation did produce CTA in

monkeys with the AP ablated (Wilpizeski et al., 1986). These studies provide additional
support for an important chemoreceptive function of the AP in both emesis and CTA induced

FJtAr4K NOT

J



. .7. _ .... : :. _'11_. ?_-

146
Fox el al,

by certain chemicaJs, and they simultaneously demonstrate that the emetic and taste aversion-

producing properties of motion are not crucially dependent upon this chemoreceptive
function of the AP.

The effect of disruption of the vagus nerve upon motion-induced CTA has been reported
only in rats (Fox and McKenna, in press). In this experiment gastric denervadon was accom-

plished by sectioning the anterior branch of the vagus distal to the hepadc branch, ligating
and sectioning the posterior branch and the gastric artery proximal to the esophagogastric

junction and then sectioning vagal branches in the region of the cardiac sphincter and along
the greater curvature of the stomach. After this selective gastric vagotomy CTA was not

produced when vertical axis rotation was the US. Animals in a control group subjected to
ligadon of the gaswic artery and posterior vagus developed a CTA equal in magnitude to the

aversion developed in unoperated animals. Becuase of this effect, it was proposed that either

the anterior vagus, the sympathetic fibers, or both are crucial for motion to be an effective US

for CTA in rats. Thus, while ablation of the .A.Phas no apparent effect upon CTA produced

by modon in rats, cats, or squirrel monkeys, the efficacy of rotation as a US for CTA in rats

is disrupted after complete gastric denervation. "l"hepossibility that vaga.I pathways might be
shared by CTA and vomiting could not be addressed directly in this experiment because rats
we incapable of vomiting.

These investigations have shown that the AP plays no critical role in motion-induced

CTA or vomiting. In some studies it was shown that motion produced both vomiting and CTA
after the chemosensory function of the AP was eliminated by ablation. Thus, as has been

asserted for vomiting (Borison, 1985), CTA induced by motion apparendy does not depend

upon a humoral factor acting on the AP. The question of whether CTA and vomiting depend

upon common neural structures remains unanswered by these studies because both responses
were unaffected by ablation of the AP.

Inferences regarding a role for gastric innervation can be only speculative at this time.

Gastric denervation eliminates the efficacy of motion as a US for CTA in the rat, but the

processes underlying this effeet_re unclear. Both afferent and efferent vagal functions were
eliminated by gastric denervation, and secondary eff_ts of this disruption on the CNS were

not assessed. In addition, the magnitude of CTA produced by motion is reduced gready when
the labyrinth is destroyed in rats (Hardey, 1977). Thus, both labyrinthine and gash-it systems
contribute critically to the support of CTA induced by motion, and neither vestibular nor

gastric inputs to the CNS alone is adequate for the production of CTA when motion in the US

in the rat. Because CTA can be produced by motion only when both systems are intact, it

seems that vagal and labyrinthine circuity either must converge in some CNS region which
is necessary for the support of motion-induced CTA, or alternatively, some form of

modulation occurs between the two systems. Caloric stimulation of the labyrinth influences

the rate of efferent activity in the vagus nerve of rats (Niijima eeal., 1988), and, in man, gastric

emptying is delayed and duodenal motility is reduced by vestibular stimulation CI'hompson
et al., 1982), further indicating interaction of the two systems.

A CNS locale where vagal and vestibular fibers may interact is unknown. Vagal afferents
project to the subnucleus gelatinosus, the medial NTS, and the commissural NTS (Leslie et
al., 1982; Shapiro and Miselis, 1985). Dendrites of dorsal motor nucleus nettrons have been

rcponed to be co-distributed with these afferent projections and to penetrate the ependyma
of the fourth ventricle and the ventral aspect of the AP. This co-distribution of afferent and
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efferentcomponent_ of the gastricvagus has been suggestcclas a possiblelo_alefor

monosynapuc vagovagalinteractions(Shapiroand Miselis,1985).Ithas alsobeen shown
• , ._

that cells m the medial half of the medullary parv_cellular reticular formadon (PCRI_ project

to the caudal solitary and vagal nuclei in the cat (Mehler, 1983). The PCRF is a sire of origin

of efferent fibers projecting to the vestibular sensory epithelium and it has been speculated
that these efferents may conmbute to a vomiting trigger zone circuit via the generation of a

mismatch signal with vestibular afferent signals (Goldberg and Fem_dcz, 1980; Mehler,

1983). The PCRY also receives projections from the PeHaqueducml grey, a necessary

sn-ucture for the production of CTA when morphine is the US (Blair and Amk, 1981).

Conclusions

These studies demonsu-atc that neufa! fibers associated with the periaqueductai grey, the
vestibular system, the AP, and the stomach, four structures which have been demonstrated

to be important to CTA produced by various USs, are found in the NTS and PCRF. The NTS

and PCRF are characterized by complicatsd interconnections locally, and with higher brain
sm!.cn.u-es as well, so the nearal events cridcal to the formation of CTA could inu_ract in these

regions. However, spec/.fic inmrconnecdons important to such imcracdon have not been

idenuified. This area of the PCRF also is the general region identified as a vomiting trigger

zone (Borison and Wang, 1949; see also M.iilerand Wiis0n, 1983). Thus, neural pathways

or structures important to both CTA and vomiting c0uId Coexist in this general region.
Whether common neural pathways or a discrete nuclear group of ceils co-ordinadng these

two responses to morion exist remains to be demonsuated. Both responses are complex,
involving many muscular events, and it may not be possible to identify a neural center co-4 I

ordinating such responses. However, multidisciplinary research employing present mchno-

log), for irnmunohistochemistry, elec n'on microscopy, electrophysiology, biochemiswy, and
neuroanatomy ponsnds the opening of new vistas for the understanding of the neural events
underlying these behaviors. _ :
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Abstract

The experiments were conducted in anaesthetized rats. In the fu-_t part of the

experiments, the effect of CuSO, on the afferent activity in the gastric branch of

the vagus nerve was investigated. Gastric perfusion of CuSOjolution (0.04% and.

0.08%) provoked an increase in afferent activity. In the second part of the

experiments, the reflex effects of gastric perfusion of CuSO, solution, repetitive

stimulation of the gastric vagus nerve, and caloric stimulation of the right

vestibular apparatus (5-18"C water) on gastric autonomic outflow were investi-

gated. The results of these experiments showed that these three different types of

stimulation caused an inhibition in efferent activity of the gastric vagus nerve and

a slight activation of the splanchnic gastric efferents. The summation of the effect

of each stimulation was also observed. These results, therefore, provide evidence

for a possible integrative inhibitory function of the vagal gastric center as well as

an excitatory function of gastric sympathetic motoneurons in relation to motion
sickness.

Introduction

It has been generally recognized that nausea and ¢mesis with gastric dysfunction are the main

symptoms of space and motion sickness. It is assumed that vestibular as well as gastric

Keywords." gasuSc alTerents, gastric efferents, v_tibulo-vagal reflex, vestibulo-sympathetic reflex,
gastrosensory-vas tibular -autonomic hatera_'tiorts
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stimulation can be the major sources of these symptoms. It is also well known d'mt caloric

stimulation of the vesdbulm" apparatus can cause emesis and nysmgmic responses. Wang and

Borrison (195 i) reported that the intragastric administration of copper sulfate induced emetic

responses, and that the surgical interruption of the vagi had a more profound effect on the

threshold and latency of vomiting than did sympathectomy, which caused no remarkable

changes in these parameters. They stressed that the vagal gastric afferents play a more

important rote than splanchnic gastric afferents in the mediation of the gastric effects of

copper sulfate. The present experiments were designed to study the effects of individual and
combined vestibular and gastric stimulation on the reflex change in gas=ic autonomic

outflow. Portions of the data describing the effects of copper sulfate on the rate of afferent

discharges in the gastric branch of the vagus nerve have been reported elsewhere (Niijima et
al., 1987).

Methods

Male Wistar rots weighing 300---¢00 g were used. Food, but not water, was removed 5

hours before the experiment. Rats were anesthetized with 700 mg/kg of urethane and 50 rag/

kg of chloralose, given i.p. A tracheal cannula was inserted.

The stomach could be perfused with copper sulfate (CaSO,) or physiological saline
through a catheter which was placed in the oesophagus and directed toward the cardiac

portion of the stomach. Another catheter was placed in the pyloric portion of the stomach

through the duodenum as an outer for the perfusate.

Before starting the experimental perfusion, the stomach was washed with isotonic saline.

Copper sulfate solutions (0.04% and 0.08 %) and isotonic saline were used for the experimen-

tal per'fusions. For each perfusion # ml of solution at 38°C were injected by syringe into the

stomach over a l-rain period. The solution was kept in the stomach for 5-30 rain. after which
time the stomach was flushed for I rain With isotonic saline. To stimulate the vestibular

apparatus, the right external auditory meatus was irrigated for 3-10 rain with cold water (5-
m ,,_ o

18°C) and then flushed with warm water (._4-._5 C).

Afferent nerve activity was recorded from a nerve filament isolated from the peripheral

cut end of the gastric branch of the vagus nerve, or of the splanchnic nerve. Efferent nerve

activity was made from a filament isolated from the central cut end of the ventral gastric

branch of the vagus nerve or the gastric branch of the splanchnic nerve. Nerve activity was

amplified by means of a condenser-coupled differential amplifier, and stored on magnedc

tape. Analysis of the nerve activity was performed after conversion of raw dam to standard

pulses by a window discriminator that distinguished the nerve discharges from the back-
ground noise. To monitor the dine cotu'se of changes in neural activity the rate of neural

discharge was determined by a ratemeter with a reset time of 5 sec. The output of this

ratemeter was displayed on a pen recorder. Normal animal body temperature was maintained
by m_ans of a heating pad. The ECG was monitored throughout the experiment.

;7
r
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Results and Discussion ,:

y -;

The Effect of Copper Sulfate on the Afferent Aetivi_ of the Gastric Branches of the Vag_

Nerve

The peffusion of 4 ml of two different concentrations (0.04% and 0.08%) of Cu$O 4

solution provoked an increase in afferent activity of the gastric branch of the vagus nerve

(Niijima et el, ]987). After the onset of the peffusion with CuSO 4 the activity increased

g'radualIy and the increase lasted until after flushing of the gastric canal with isotonic saline.

The stimulating effect of 0.08% solution of CuSO 4 was stronger than that of the 0.04%
solution, and lasted for a longer period of time, as Shown in the uppertrace of Figure 1. With

VAGAL GASTRIC AFFERESTS, Rat
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Effect of gastric pedusion by 0.04% and 0.08% CuSO, solution and

physiological saline on the afferent discharge rate of a vagal gastric nerve filament

(from Niijima et al., 1987). Downward arrows show time of onset of perfusion.

Upward arrows show the end of rinsing with saline. Horizontal bars indicate the

duration of per'fusion with CuSO 4 solution and physiological saline. (a): sample of

nerve activity taken at time indicated by arrow a, before perfusion with 0.08%

CuSO4;.(b): sample of nerve activity obtained at time indicated by arrow b, during

perfusion with 0.08% of CuSO 4.



136 Niijimaet el.

the 0.08% solution the increase in vagal activity lasted in general for more than 1 hour, even

though the stomach was flushed after 20 min of exposure to the CuSO,. The peak of activity

provoked by the caSe, was reached afterperfusate had been flushed out of the stomach ('Fig.
1, upper and lower trace). It is unlikely that these changes in neural activity resulted from
mechanical effects of the infusion of solution into the stomach, because the perfusion of 4 ml
of saline resulted in no noticeable change in discharge rate beyond the transient increase that
was observed at the onset of perfusion and flushing of CuSO, solutions and saline (Fig. I,

lower trace).
Figure 2 shows the mean discharge rate in spikes/sec of five different preparations just

before (control), 20 rain after the onset of 0.08% CuSO 4 solution, and 30 rain after flushing
with saline. Those discharge rates are 6.4 : 0.3 (S.E.M.), 13.4 : 1.8 (S..E.M.) and 18.8 __.2.3
(S.E.M.) respectively. The difference between f'wingrates obtained during the control period

and the period 20 rain after onset of perfusion, as well as between the control period and the
period 30 rain alter flushing were statistically significant (Student's t-test)•

VAG_L GASTRIC AFr.RaNT_

lmputses/sec

lo I

A B C

N=5

i

A

A - B P < 0.02

B -C N.S.

A;Before per'fusion B;20min after onset
C;30min after flush

S_

±.

z-J

• B ..'ii .4
Fig. 2..Mean discharge rateof lhe gastric vagalafferents before A, 20 m,nafter . .::;_

and30 rainafter rinsingC of perfusionby 0.08% Cu$O, solution.(FromNiiiimaor -_'77
eL, 1987.)
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The Effect of Copper Sulfate on the Afferent Activity of the Gastric Branches of the Splanchnic
Nerve

Figure 3 shows a typical change in the discharge rate of afferent fibers of the gastric

branch of the splanchnic nerve. Except for the transient increases at the time of the onset of

perfusion and rinsing, no remarkable change was found in the rate of afferent discharge

during perfusion with the 0.08% CuSO 4 solution for 30 min or after flushing out by s.aline.
These effects, in combination with those reported in the preceding section, indicate that the

gastric effects of CuSO 4 were mainly mediated through gastric vagal afferents but that

spianchnic afferent activity was not greatly altered by these stimuli.

SPLANCHNIC GASTRIC AFFERENTS, Rat

Gastric Stimulation by 0.08% CuS04

U

u%

u_

¢-

E _ 10 rain

Fig. 3. Effect of gastric perfusion by 0.08% CuSO,, s01uii0n on the afferent discharge

rate of a splanchnie gastric nerve filament. Horizontal bar indicates the duration of
perfusion with 0.08% solution.

It was established by Wang and Borison (1951) that the effective emetic concena'nti'on

of CuSO 4 for oral administration was 0.08% in the dog and cat. The effect of intragasn-ic

CuSO 4 on the firing rate ofgastric afferents is consistent with this inthat the 0.08% solution
produced a larger and more reliable change in the rate:of fi-ring than that produced by the
0.04% solution. _.................

The specific receptors mediating the gastric vagal afferent response tO CuSO 4 have not
yet been identified, although several candidates exist. Mei (1985) has demonstrated the

existence of vagal chemoreceptors in the intestinal wall, while Iggo (1957) has suggested that

gastric pH receptors exist. Mei (1970) h_ also reported the existence of receptors in the

, mucous membrane of the gasn'6intestifial wali_ While any of these receptors might be

stimulated by CuSO 4 soiutibns_ the exact source of:thcstimuiadng effect of CuSO 4 on gastric
vagal afferents is not known,
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The Effect of Caloric Stimulation of Vestibular Apparatus and Gastric Stimulation by Copper
Sulfate on the Activiry of the Vagal Gastric Efferent Nerve Fibers

As caloric stimulation of the vestibular apparatus, and gastric stimulation by CuSO 4 can
cause the vomiting response in man (Wang and Borrison, 1951; Mano et al, 1988), a change
in efferent activity in the vagal gastric nerve by these stimuli can be expected. Recordings of
the efferent discharges were made from a rental gastric branch of the vagus nerve.

The upper u'ace of Figure 4 shows the effect of caloric stimulation of the right vestibular

apparatus on the rate of efferent discharges in the vagal gastric nerve. An application of cold
water (10°C) on the right external meatus for 3 rain caused a clear suppression in the rate of

efferent discharge. The suppression continued even alter the flushing of the meatus with

warm water (34-35°C). It lasted about 17 rain alter cessation of the cold stimulation. A nadir

was reached about i5 rain after the onset of cold stimulation in this particular experiment. The

lower trace of Figure 4 shows the effect of gastric stimulation by CuSO 4 and that of ca/oric

REFLEX EFFECTS ON VAGAL GASTRIC EFFERENTS, Rat
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Fig. 4. Effects of gastric perfusion with 0.08% CuSO, solution and caloric stimulation
of the right vestibular apparatus on the efferent discharge rate of the gastric branch
of the vagus nerve. Vertical arrows in upper trace show time of onset and end of
caloric stimulationof the rightvestibular apparatus. Firstvertical arrow in lower trace

indicates time of onset of gastric perfusion with 0.08% CuSO, solution. Second and
third arrows show time of onset and end of caloric stimulation. Horizontal arrow
shows duration of gastric pert'usion.
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stimulation on the vagal gastric efferent activity. At first, gastric stimulation with 0.08%

CuSO 4 was applied, which caused a wave-iikesuppressi0n in vagal activity. About 8 rain

after the onset of gastric stimulation, caloric stimulation of the right vestibular apparatus with

I7°C water was applied for 11 rain. This caloric stimulation caused a further stronger
suppression in discharge rate. A nadir of suppression was reached about 7 rain after the onset

of caloric stimulation. As observed in the trace, the effects of gasmic stimulation and caloric

stimulation appeared to summate, and the effect of caloric stimulation was apparently

stronger than that of gastric stimulation. Observations from-two other preparations were

consistent with the results. No remarkable suppressive response was elicited by gastric

stimulation with 2% CuSO 4 (Fig. 5).

REFLEX EFFECTS ON VAGAL GASTRIC EFFERENTS, Rat
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Fig. 5. Effects of gastric per'fusion with 2% ¢u$O, solution, repetitive electrical
stimulation of the gastric vagus nerve and caloric stimulation of the right vestibular
apparatus on the efferent discharge rate of the gastric branch of the vagus nerve.
Vertical arrows in upper trace indicate :timeOf onsai _ gastric periusion with 2*/.
Cu$O,. and time of onset and end of caloric stimulation. Horizontal arrow indicates
the duration of the gastric per'fusion. First vertical arrow in lower trace shows time of

electrical stimulation of the gastric branch of the vagus nerve, and second and third
arrows indicate time of onset and end o| caloric stimulation.
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The lower trace of Figure 5 shows the effect of electrical stimulation of the gastric vagus
nerve on the activity of the gastric vagal efferents. Two branches of the ventral gastric vagus

nerve were used after sectioning. A pair of stimulation e!ectrodes were placed on the central

cut end of one branch, and recordings were made from the nerve filament dissected from the

central cut end of another branch. As shown in the trace, a repetitive stimulation (7 V, 0.5

reset, 50 Hz for 10 sec) caused a long lasting inhibition in the rate of efferent discharge,

lasting about 12 rain. Caloric stimulation (12°C water) of the right vestibular apparatus for

3 min also resulted in a suppression lasting approximately 20 rain.

The Effects of Caloric Stimulation of the Vestibular Apparatus and Gastric Stimulation by
Copper Sulfate on the Activity of the SptanChnic Gastric Efferent Nerve Fibers

The top trace of Figure 6 shows the effects of gastric stimulation, as well as caloric

stimulation of the right vestibular apparatus, on the efferent discharge rate of the gastric

splanchnic nerve. These two stimulations for 5 rain resulted in a slight facilitation in efferent

discharge activity. The middle and lower traces show the effects of caloric stimulation for 5

rain in different preparations. Caloric stimulation with water (5°C) of the right vestibular

apparatus caused slight acceleration in splanchnic nerve activity in these two preparations.

These observations indicate that caloric stimulation of the vestibular apparatus as weI1

as gastric stimulation wkh CuSO41 resulted in a slight facilitation oFgastric splanchnic
efferent nerve activity.

REFLEX EFFECTS ON SPLANCIINIC GASTRIC CFFERENTS, Rat

r.v.s. 5°Qwater .... $ =in
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Fig. 6. Effects of gastric perfusion with 0.08% CuSO, solution andcaloric stimula-

tion of the right vestibular apparatus on the efferent discharge rate of the gastric
branch of the splanchnic nerve. First horizontal bar on the top trace indicates time
of gastric per'fusion and second bar shows time of caloric stimulation. Horizontal
bars on the middle and lower traces indicate time of caloric stimulations.
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The results of these experiments can be summarized as follows: the different types of

stimulation, such as gastric stimulation by CuSO 4, repetidve stimuladon of the gastric vagus
nerve and caloric stimulation of vestibular apparatus, caused an inhibition in efferent activity

of the gastric vagus nerve and a slight activation of the splanchnic gastric efferents. This

report therefore, provides evidence for a possible integrative inhibitory function of the vagal

gastric center as well as a possible excitatory function of the gastric sympathetic motoneu-
tons, which may play a role in space and motion sickness (Fig. 7).

18° 5°C

ML

Fig. 7. Schematic illustration of the effects of gastric and vest_ular stimulations on
the activities of vagal and splanchnic gastric efferent outflows. VGA, vagal gastric
afferents; VGE, vagal gastric efferents; SGE, Sp|anchnic gastric efferents; SGA,
splanchnic gastric afferents; DMV, dorsal motor nucleus of the vagus;/ML, interme-
diolateral cell column (sympathetic preganglionic neuron group); /nh., inhibition;
Exc., excitation.
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Wang and Borrison (1951) reported that complete blockage of the emetic response to

intragaswic CuSO a required vagotomy combined with sympathectomy, and further sug-

gested that the gastric splanchnic afferent pathway may play a role in the emetic response.

However, our observations indicate that the chemical effect of gastric stimulation by CuSO 4
is not mediated by the gastric splanchnic afferents but by the gastric vagal afferents. It is

suggested that the effects of mechanical stimulation such as distension of the gasu'ic wail, can

be mediated by the gastric splanchnic afferents and may play some role in the emetic
response.

In relation to our observation of an increase in gastric sympathetic outflow following

caloric stimulation of the vestibular apparatus, Mano et aL (I988) reported an increase in
muscle sympathetic nerve activity (MSA) to the gastrocnemius-soleus muscle due to caloric

stimulation of the vestibular apparatus in man. These f'mdings may suggest the general

activation of the sympathetic system and inhibition of the parasympathetic system in space

motion sickness (however, see Akert and Gernandt, I962; Megirian and Manning, 1967;
Uchino et ai. 1970, for reports of an opposite effect of vestibular stimulation).
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The Susceptibility of Rhesus Monkeys to
Motion Sickness

MERYL L. CORCORAN, B.A., M.A., ROBERTA. Fox, B.A.,
Ph.D., and NANCY G. DAUNTON, M.A., Ph.D.

CORCORASML, Fox RA, DAUNTONNG. The susceptibility of the rhesus monkey. For instance, it is well known that
rhesus monke3s to motion sickness. Aviat. Space Environ. Med. head movements out of the plane of rotation produce
1990;61:807-9. cross-coupled accelerations which affect the efficacy of

The susceptibility of rhesus monkeys to motion sickness was
investigated using test conditions that are provocative for elic- rotation as a motion sickness stimulus (15). Thus, the

icing motion sickness in squirrel monkeys. Ten male rhesus mon- susceptibility of squirrel monkeys to rotation is greatly
keys and ten male Bolivian squirrel monkeys were rotated In the

vertical axis at 150"/s for a maximum duration of 45 rain. Each
animal was tested in two conditions, continuous rotation and

intermittent rotation. None of the rhesus monkeys vomited dur-

ing the motion tests but all of the squirrel monkeys did. Differ-

ences were observed between the species in the amount of ac-

tivity that occurred during motion tests, with the squirrel

monkeys being significantly more active than the rhesus mon-

keys. These results, while substantiating anecdotal reports of

the resistance of rhesus monkeys to motion sickness, should be

interpreted with caution because of the documented differences

that exist between various species with regard to stimuli that

are provocative for eliciting motion sickness.

HE RHESUS MONKEY has not been considered a
good model for motion sickness research because

these animals are thought to be resistant to motion sick-
ness (1,16). However, the resistance of rhesus monkeys
to motion sickness has not been clearly documented and
most of the available information on motion sickness
susceptibility in these animals is anecdotal (personal
communications G. H. Crampton and J. Lackner).

Apparently, the evaluations of motion sickness sus-
ceptibility in rhesus monkeys have been opportunistic
rather than by design. For this reason parameters
known to be important for inducing motion sickness in
squirrel monkeys and other susceptible species
(3,4,5,9,18) have not been examined systematically in
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reduced when they are restrained in primate chairs (5).
Similarly, head stabilization prevents or greatly reduces
motion sickness in these animals (18) as well as in hu-
mans (9). While it is impossible to determine the degree
to which movement was allowed in some previous in-
vestigations using rhesus monkeys, in other studies it is
apparent that voluntary movements were restricted be-
cause the animals were restrained in primate chairs dur-
ing testing. Therefore, previous tests of susceptibility of
rhesus monkeys to motion sickness may have produced
negative results due to test conditions that were inade-
quately provocative, rather than to the resistance of
rhesus monkeys to motion sickness.

This investigation was undertaken to compare the
motion sickness responses of the rhesus monkey with
those of the squirrel monkey, using stimuli known to
elicit motion sickness in the majority of squirrel mon-
keys. In all tests unrestrained voluntary movement was
permitted within a test cage large enough to allow head
and whole-body movements of sufficient magnitude to
produce cross-coupled accelerations.

METHODS

Subjects: Ten sub-adult (approximately 4 years of
age) male rhesus monkeys (Macaca mulatta) with no
previous history of motion testing, and ten adult (ap-
proximately 7 to 10 + years of age) male Bolivian squir-
rel monkeys (Saimiri sciureus) selected randomly from
a pool of animals used previously in motion sickness
studies, were tested. The animals were housed in stan-
dard colony conditions and were maintained on 12:12
(rhesus monkey) and 14:10 (squirrel monkey) light:dark
cycles. Food and water were available ad lib. On each
test day the monkeys were fed fresh bananas in the
experimental chamber approximately 5 rain before test-
ing began.
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Apparatus." Rhesus monkeys were exposed individu-
ally to rotation while free to move about in a stainless
steel cage (60 × 60 _ 60-cm) that was mounted on a
Goerz Model 611 turntable. The lower half of three
walls (30 cm) of the cage was formed by solid stainless
steel panels, while the ceiling and the upper half of the
cage were made of wire mesh. One wall of the cage had
a guillotine door made of clear Plexiglas.

Squirrel monkeys were exposed individually to rota-
tion, While free to move in a cage constructed of clear
Plexiglas (52 × 23 x 30 cm) that was mounted on the
turntable. To make the conditions of visual stimulation
comparable for squirrel and rhesus monkeys, aluminum
foil was attached to the lower half (15 cm) of three walls
of this cage to simulate the visual conditions formed by
the stainless steel panels of the cage used for the rhesus
monkeys.

During rotation both the rhesus and squirrel monkeys
could view the lighted test chamber by looking directly
out through the clear walls of the cages while sitting
upright, or by looking up through the upper portion of
the walls or the ceiling, if in a crouched or prone posi-
tion. The animals could see through the door of the
cages from floor to ceiling when oriented in that direc-
tion.

Procedure." Two conditions of vertical-axis rotation
were used. In the first test, "Continuous Rotation," the
animals were exposed to clockwise rotation at 150°/s for
a maximum duration of 45 min. In the second test,
"Sudden-Stop," the animals were exposed to periods of
rotation alternating with brief periods during which the
cage was stopped. The second test was conducted 1.5-.-2
months after the first motion test. A velocity-ramp was
used to drive the turntable in this Sudden-Stop Condi-
tion. The cage was accelerated at 75°/s 2 for 2.0 s to
reach the rotation velocity of 150°/s, then maintained at
constant velocity for 23.6 s, and then decelerated at
88°/s 2 for 1.7 s to 0°/s (stopped). The turntable remained
stationary (stopped) for 3.1 s. This alternation of rota-
tion with stationary periods continued for a maximum
duration of 45 min (90 cycles). The direction of rotation
was clockwise for the first 30 rain and counterclockwise

for the remaining 15 min of exposure. If an animal vom-
ited, motion was terminated 5 min after the first vomit-
ing episode.

The animals were observed continuously during tests,
and latencies to retching and vomiting were recorded.
To characterize the activity level of animals during the
Sudden-Stop Condition, the duration (in s) of periods of
inactivity was recorded on a printout counter using a
manual switch operated by an observer. A state of
"inactivity" was defined as a 5-s period during which
neither head movements nor whole-body movements of
the animals were observed. Small arm movements
which did not affect head or whole-body orientation
were ignored.

RESULTS

None (0/10) of the rhesus monkeys retched or vom-
ited during either condition of rotation, but all (10/10) of
the squirrel monkeys retched and vomited during both

conditions. For the squirrel monkeys the mean latency
to the first vomiting episode was significantly shorter
during continuous rotation (3.6 - 2.0 rain) than during
intermittent rotation (7.8 --. 3.0 rain) [t(9) = 6.87, p <
.001].

Voluntary movements made during the motion tests
differed greatly, with some animals moving continu-
ously and others remaining still for extensive periods.
The amount of activity that occurred during the motion
tests varied more among the rhesus than among the
squirrel monkeys. The percentage of the test session
during which the individual rhesus monkeys were active
ranged from 20% to 92%, while the percentage of active
time ranged from 79% to 100% for the squirrel monkeys.
The squirrel monkeys were active a greater percentage
of the time (median = 100%) than the rhesus monkeys
(median = 77%), Mann-Whitney U = 5, p < 0.02. Of
the 10 rhesus monkeys, 6 were less active than all of the
squirrel monkeys and 5 of the 10 squirrel monkeys had
no periods of inactivity (i.e., were active 100% of the
time).

DISCUSSION

Although it has been shown that rhesus monkeys
have a complete emetic reflex (6,8,11,12,14,17,19),
there appears to be no published evidence documenting
their responses to motion stimuli. The results of this
study indicate that they apparently are not susceptible
to motion sickness during either continuous or intermit-
tent vertical-axis rotation, stimuli that elicit motion
sickness in squirrel monkeys (2,5), chimpanzees (13),
and humans (7,10). Although the influence of age on
susceptibility to motion sickness has not been rigor-
ously investigated, studies with rats, squirrel monkeys,
and humans (2) suggest that susceptibility to motion
sickness may decrease with advancing age. This infor-
mation indicates young, or sub-adult animals may be the
most susceptible of the species. If this is correct, the
rhesus monkeys tested in this experiment should have
biased results toward detecting motion sickness in the
rhesus monkey. The fact that none of the rhesus vom-
ited in this study substantiates anecdotal reports and is
consistent with unpublished comments that they are re-
fractory to motion sickness:

However, several factors indicate that caution should
be exercised in concluding that rhesus monkeys are im-
mune to motion sickness. Motion sickness is known to
be elicited most effectively by qualitatively different
stimuli in various susceptible species (2). One ex .ample
is the differential susceptibility of the squirrel monkey
and the cat to vertical-axis rotation and vertical-linear

acceleration. While the squirrel monkey is highly sus-
ceptible to rotation but not to vertical bouncing, the re-
verse is true for the cat. Such differential susceptibility
of species to selected motion profdes reveals how diffi-
cult it is to demonstrate complete immunity to motion
sickness. This fact indicates that additional testing with
stimuli of different types (i.e., linear acceleration, par-
allel swing, etc.) should be conducted before concluding
that rhesus monkeys cannot be made motion sick.

Evaluation of observational data also suggests that

)
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caution should be exercised before concluding that
rhesus monkeys are not susceptible to motion sickness.
When the animals in this study were tested using con-
tinuous rotation at 150°/s, it appeared that the activity
levels of the two species were quite different, with the
squirrel monkeys being more active during rotation.
The lower level of activity of some rhesus monkeys
could perhaps be interpreted as a "behavioral strategy"
to minimize vestibular stimulation during rotation. Two
characteristic behavioral patterns occurred in the
rhesus monkeys: (a) Rhesus monkeys that were active
during rotation periodically terminated movements and
adopted positions which stabilized their heads and/or
bodies. Such positions included leaning against the wall,
placing the jaw or head against the wall, or lying prone
on the floor of the cage. (b) Rhesus monkeys that were
characteristically inactive during rotation commonly
adopted a prone position on the floor of the cage, often
with their heads very close to the axis of rotation. In
addition, informal observations of the squirrel and
rhesus monkeys indicated that their spontaneous move-
ments were distinctly different. The squirrel monkeys
made many high-frequency, jerky movements, with nu-
merous small pitching movements of the head, while the
rhesus monkeys tended to sit upright and made rela-
tively slower head and body movements in the yaw
plane with fewer, and slower pitch movements. Thus,
inherent behavioral differences between these two spe-
cies could lead to qualitative differences in actual stim-
ulation resulting from a single imposed stimulus condi-
tion (e.g., rotation).

These observations suggest that rhesus monkeys
might behave in a manner that minimizes vestibular
stimulation produced by continuous vertical-axis rota-
tion and thereby avoid becoming motion sick. There-
fore, to ensure that the animals were subjected to an-
gular accelerations even if they were inactive, the
Sudden-Stop Condition was used. However, during the
Sudden-Stop Condition vomiting latencies increased for
the squirrel monkeys indicating that, at least for squirrel
monkeys, this stimulus was less provocative than con-
tinuous rotation. Thus, the Sudden-Stop Condition may
not have been a more provocative stimulus than contin-
uous rotation, and therefore, may not have been a strin-
gent test of susceptibility for the rhesus monkeys.

The test conditions used in this experiment do not
provide a comprehensive evaluation of the susceptibil-
ity of rhesus monkeys to motion sickness. Further test-
ing with a wider range of motion stimuli should be con-
sidered. If other tests continue to indicate rhesus
monkeys are immune to motion sickness, then compar-
ative investigations of neural, physiological, and hor-
monal differences between rhesus monkeys and other
primates susceptible to motion sickness may be a useful
approach to increase our understanding of the mecha-
nisms underlying the etiology of motion sickness.
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Role of the Area Postrema in Three Putative Measures of

Motion Sickness in the Rat

RICHARD L, SUTTON,* ROBERT A. Fox,* AND NANCY G. DAUNTON_ "'!

*Department of Psychology, San Jose State University, San Jose, California 95192, and
fNASA-Ames Research Center, Moffett Field, California 94035

After thermal cauterization of the area postrema in rats the absence of conditioned

taste aversion to sucrose paired with lithium chloride (0.15 M, 3.3 rnl/kg) was
used as a phatm_olngic/behavioral index of _¢.a postrema damage. In a subsequent
experiment the effects of area postrema lesions on three measures proposed as

species-relevant measures of motion sickness were studied, using off-vertical
rotation at 1500/s for either 30 or 90 rain. Lesions of area postrema did not alter
postrotational suppression of drinking or amount of defecation during motion.
The initial acquisition of conditioned taste aversion to a novel cider vinegar
solution paired with motion was not affected by lesioning of the area postrema,
but these taste aversions extinguished more slowly in lesioned rats than in sham-
operates or intact controls. Results are discussed in terms of proposed hurnoral
factors which may induce motion sickness and in light of recent data on the role

of the area postrema in similar measures in species possessing the complete
emetic reflex. © 19ffil Academic Press, Inc.

Conditioned taste aversion (CTA) to novel-tasting foods paired with
toxicosis is a well-documented behavioral paradigm which seems related

to the natural tendency of animals to avoid ingestion of toxic substances
(Barker, Best, & Domjan, 1977; Garcia, HankJns, & Rusniak, 1974).
Research on the underlying physiological mechanisms of CTA suggests
that drug-induced CTA can be mediated by at least three neural pathways.
For example, aversions resulting from gastrointestinal irritation caused
by copper sulfate apparently depend on vagal afferents (Coil, Rogers,
Garcia, & Novin, 1978; but, see Rabin, Hunt, & Lee, 1985) and those

produced by blood-borne toxins such as lithium chloride (LiCl) depend

on the area pastrema (AP) (Ritter, McGlone, & Kelley, 1980). The integrity
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of the AP is not a necessary condition for the formation of CTA induced

by some nontoxic unconditioned stimuli (US), such as amphetamine

(Berger, Wise, & Stein, 1973; Rabin, Hunt, & Lee, 1987, Ritter et al.,
1980). However, ampbetamine-induced CTA is prevented by lesions of
the dorsolateral tegmentum (WeIlman, Mclntosh, & Guidi, 1981).

Lesioning of the AP, a circumventricular organ located on the floor
of the fourth ventricle, has implicated this structure in mediation of the
emetic response to drugs (Borison, 1974; Borison & Wang, 19S3) as well
as to X-irradiation (Brizzee, Neal, & Wilfiams, 1955; Wang, Renzi, &
Chinn, 19S8). In addition, the AP has been proposed to be a critical
structure in the motion sickness reflex arc (Brizzee, Ordy, & Mehler,

1980; Wang & Chinn, 1954). Studies in the rat have shown that AP
lesions attenuate or abolish CTA induced by many drugs including LiCl

and methylscopolamine (Berger et al., 1973; McGlone, Ritter, & Kelley,
1980; Ossenkopp, 1983; Ritter et al., 1980) as well as CTA caused by
X-irradiation (Ossenkopp & Giugno, 1985; Rabin, Hunt, & Lee, 1983).
Since the rat is incapable of vomiting (Hatcher, 1924) it has been suggested
that CTA produced by rotational stimulation in the rat (Braun & McLntosh,
1973) may be a species-specific manifestation of motion sickness (Mitchell,
Krusemark, & Hafuer, 1977). This proposal that CTA in nonemetic species
may reflect motion sickness seems feasible since whole-body motion
produces CTA to novel food in the squirrel-monkey (Roy-& Brizzee,
1979). If CTA induced by motion is to be considered a measure of motion
sickness, then it is expected that Common neural pathways sh_
both CT_ _d the emetic reflex, However, contrary toex_tati0ns fro_
studies on the role of the AP in dog (Wang & Chinn, 1954) and squirrel

monkey (Brizzeeet _.-_ 19-80), Osse_opP (1983)_'f0und that _ning_Sf
the AP in rat enhanced rather than prevented development Of m0ti0n-
induced CTA.

Haroutunian, Riccio/and Gans (1976) proposed thai the suppression

of drinking following rotation is another useful index of motion sickness
in the rat. These authors reported that the degree of suppression of
postrotational intake of water by thirsty-rats was directly related io the
duration of treatment, consistent with the finding that the magnitude Of
motion-induced CTA increases with longer periods of rotation (Green &

Rachl_, 197_. Thus,-tx)th motion-induced eTA and suppression of drinking
are sensitive to the magnitude (or d0se) of rotation, in a manner similar

to the dose-dependent effects reported for drug-induced eTAs (Nachman
& Ashe, 1973; Rabin et al., 1987; Rauschenberger, 1979).

The importance of defecation as a symptom of motion sickness in man
(Money, 1970) has led to its inclusion into scales rating the severity of
motion sickness in cat (Suri, Crampton, & Daunton, 1979) and monkey

(Igarashi, Isago, O-Uchi, Kulecz, Homick, & Reschke, 1983). Ossenkopp
and Frisken (1982) reported that rats subjected to motion exhibit significant

i
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increases in defecation during motion c0m_ared to sham-rotated rats and
concluded that defecation was a species-relevant indicator of motion

sickness in the rat.

The experiments reported here were conducted to investigate further
the role of the AP in the formation of motion-induced CTA and to
evaluate the usefulness of defecation and suppression of drinking as
measures of motion sickness. Before initiating conditioning procedures

using motion as the US, conditioning using LiCl as the US was conducted
in order to identify animals with effective lesions of the AP and to
facilitate the assignment of animals to motion conditions. Both "moderate"
(30 min) and "severe" (90 min) motion conditions were used in the

experiment. Although it has been shown that the magnitude of CTA and
the degree of suppression of drinking are directly related to the duration
or severity of rotation, most studies on motion-induced CTA have used
only severe motion conditions [cf. Ossenkopp 0983) who reported that
ablation of the AP did not block CTA]. The duration of motion was

varied in this experiment to investigate whether the role of the AP in
motion-induced CTA depends upon the intensity of the US as is the case
with drug-induced CTA, which iS mediated in a dose-dependent manner
with high, but not low, doses of LiCl (Rauschenberger, 1979) and am-
phetamine (Rabin et al., 1987) inducing CTA even after complete ablation
of the AP.

METHODS

Subjects

A total of 120 hooded rats of the Long-Evans strain were used in the

experiments. Animals were housed in individual wire mesh cages (1"8 ×
25 × 20 cm) on a 12:12 h light:dark schedule with lights on at 0700.
Both food and water were available ad libitum until conditioning procedures

were initiated.

Apparatus and Materials

The rotation apparatus consisted of a holding cage on an aluminum
disk mounted on a gear reduction box driven by a variable-speed motor.
To produce off-vertical rotation, the aluminum platform was tilted 20*
from earth vertical and was rotated at 150*/s. The duration of rotation
was for 30 rain in the "moderate" condition and 90 rain in the "severe"
rotation condition. A holding cage bolted to the rotation platform was
constructed of clear Plexiglas and contained five tiers of four compartments,

each measuring 18 × 19 × 14 cm. The bottom of each compartment
was fitted with hardware cloth which contained grids large enough to
allow fecal boli to fall to the floor of the compartment. Each animal was
unrestrained within a compartment and was able to orient toward or
away from the axis of rotation. Thus, depending on body orientation, a

, t
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centrifugal force of up to 0. 16g could be present at the head of an animal

during rotation. A similar compartmentalized box made of Plexiglas was
used for confining animals for no-motion control conditions.

The flavored solutions used in the experiments were 10% (w/v) sucrose
and a 4% (v/v) cider vinegar solution (Heinz; pH -- 3.75). Solutions
were provided to animals in standard water bottles fitted with rubber

stoppers holding stainless steel drinking tubes which contained steel balls

to minimize leakage. The amount of fluid consumed by each animal during
all drinking periods was determined by weighing the water bottles before
and after each period of drinking.

Procedures

Surgery. Animals were 132 to 134 days old at the time surgery was
performed and were randomly assigned so that 25% were intact controls,
25% were sham-operated controls, and 50% were subjected to lesion of
the AP. The sham procedures and AP lesions were performed while
animals were anesthetized by a 1 ml/kg im injection of a mixture of
Ketamine (50%), Rompun (25%), Acepromazine (10%), and physiological
saline (15%). After mounting animals in a stereotaxic holder with the

head in a ventroflexed position the occipital bone was exposed and the
foramen magnum was carefully enlarged with a rongeur instrument. The
area of the obex was visualized with a dissecting microscope (Zeiss,
Model 30-06-02) and the posterior medullary velum was cut to allow
cerebrospinal fluid to escape from the fourth ventricle. The cerebellum
was gently lifted rostrally to allow access to the AP. A loop-tip cautery
(Accu-Temp, Concept, Inc., Model 4400) formed to the shape and size
of the AP was used to make thermal ablations. The neck muscles and
scalp were then sutured closed. Sham-lesioned control animals were
subjected to the same surgical procedures but the AP was not cauterized.

Of the 90 rats in the lesion and sham control groups, two animals died
shortly after surgery and three were euthanized in the postsurgical recovery
period when they showed signs of neurological pathology reflecting brain-
stem damage. Thus, at the time conditioning procedures began there
were 30 intact controls, 28 sham controls, and 57 lesioned animals.

Animals were weighed once every third day over a 34-day period of
recovery to determine the effects of AP lesions and/or surgery on body
weight before initiating conditioning procedures. At the end of this post-
surgical recovery period animals were randomly assigned to one of nine
groups formed by the factorial combination of three motion conditions
and three lesion conditions.

Drinking schedules. Access to water was limited to 20 min per day
during conditioning procedures, with two 10-min drinking periods used
in each experiment. All animals were adapted to a restricted drinking
schedule which allowed 10 min of access to tap water in the home cage

IF"
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every 24 h for 6 days. Additionally, one half of the animals received l0

min of access to water in the home cage l h after the first drinking period
and the other animals received a second 10-rain access to tap water 2 h
after their first daily access period. This second period of access to water
was provided to ensure that animals were adequately hydrated and to
allow for measures of drinking suppression after conditioning with rotation.
The second daily drinking periods were scheduled to allow 30 rain for

transferring animals to and from the rotation apparatus and the home
cages on the rotation conditioning day.

Conditioning with LiCi. After 6 days of adaptation to the restricted
drinking schedule all animals were given access to a novel-tasting 10_
sucrose solution during the first 10-rain access period on Day 7 (LiCl
conditioning day). Immediately following removal of this sucrose solution

the animals were injected with 0.15 M LiCI (3.3 ml/kg, ip). Tap water
was again provided during the first 10-rain drinking period on the eighth
and ninth days and on Day l0 (test day) the animals were given a second
opportunity to ingest the sucrose solution.

The purpose of this LiCl conditioning experiment was to assess be-
haviorally the success of the AP lesions since previous studies have

shown that AP lesions block CTA induced by LiCl at this dose range.
In this experiment, the ratio of sucrose intake on the test day to intake
on the conditioning day was used to measure the degree of conditioning.
If an animal drank at least 20% less sucrose on the test day than on the
conditioning day, this was taken as evidence that a CTA to sucrose had
been acquired. Thus, if an animal had an aversion ratio of 0.80 or less
the AP lesion was assumed to be incomplete. On the basis of these ratios

several lesioned animals were shifted from their original motion group
assignments to different conditions of rotation in an attempt to equate
the number of successfully lesioned animals in each of the experimental
conditions. (Three sham-operated controls with low aversion ratios were
also assigned to motion conditions different from those originally determined
by random assignment procedures.)

Conditioning with rotation. Following conditioning with LiCi animals
were given tap water during both drinking periods for 4 days. On the
motion conditioning day (Day 15) a 4% solution of cider vinegar was
substituted for tap water during the first drinking session. Following this
drinking session animals were placed into the Plexiglas holding chambers
for appropriate treatments. Rotation began 15 min after removal of the

cider solution, allowing time for transfer of animals from the home cages
to the Plexiglas chambers. Animals assigned to motion treatment conditions

were rotated at 150°/s for either 30 or 90 rain. Animals in corresponding
no-motion control conditions were confined in Plexiglas compartments
placed adjacent to the rotation device so that they were subjected to
similar noises and vibrations as were rotated animals for either 30 or 90
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rain. Data on the acquisition and extinction rate of CTA were obtained

by providing the cider vinegar solution during the first drinking period
on Day 18 (test day) and on Day 21 and Day 24 (extinction trials). Only
tap water was offered during either drinking period on all other days.
On the conditioning day tap water was presented 15 rain after rotation,
allowing time for the transfer of animals from the Plexiglas compartments
back to their home cages.

After completion of the conditioning tests, animals were deeply an-
esthetized with sodium pentobarbitol and perfused transcardially with
isotonic saline followed by 10% formalin. Brains were stored in 10%
formalin for at least 7 days and then transferred to a 30% sugar solution
for 2 to 3 days prior to sectioning on a freezing microtome. Coronal
sections of 50/.Lm were cut at the level of the AP, mounted onto gelled
slides, and stained with cresyl violet for microscopic examination.

RESULTS

Histology

The extent of each lesion was rated on a 5-point scale with the following
descriptive markers: 1 and 2 = incomplete lesions; 3 = subpostrema
intact but AP destroyed; 4 = precise lesion of the AP and subpostrema;
5 = AP destroyed but surrounding tissue also damaged (e.g., damage
to the nucleus of the solitary tract and/or the fasciculus gracilis). By
these criteria lesions were incomplete in 19 animals; data from these
animals were not utilized in further analyses. Of the 38 remaining animals,
the area subpostrema was left intact in 8 animals, precise lesions of the *
AP and subpostrema were found in 23 animals, and damage to areas
bordering the AP was observed in 7 animals. No evidence of damage to
AP was found for rats in the sham control group. Coronal sections of
the brainstem showing the AP as seen in a sham-operated animal and
in animals with lesion ratings of 2, 4, or 5 are presented in Fig. I.

Adaptation to Restricted Drinking Schedules

The average consumption of tap water for animals in the three lesion
conditions during the 4 days preceding conditioning with LiCI (upper
panel) and with motion (lower panel) is presented in Fig. 2. Effects of
the experimental variables on the consumption of water during each
period of adaptation to the restricted drinking regimen were assessed by
computing separate 3 (Lesion Group) × 2 (Drinking Periods) × 4 (Con-
secutive Days) mixed analysis of variance (ANOVA) with repeated mea-
sures on the last two factors.

As expected, animals consumed more water in the first drinking period
than in the second during both bcseline phases [F's(l, 93) > 477.94, p's
< .001]. The animals exhibited a significant increase in consumption
during the adaptation period preceding conditioning with LiCI [F(3,279)
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FIG. 2. Mean tap water consumption for animals in the three lesion conditions during

the last 4 days of adaptation to limited water access prior to conditioning with LiCI (upper

panel) and prior to conditioning with motion (lower pan©l). The averase intake of tap water

for each lesion group is shown for the first and second IO-min drinking periods for both

the LiCI and motion baseline phases of the experiment.

= 8.93, p < .001] as they became adjusted to the restricted drinking
regimen (upper panel, Fig. 2). The interaction of Drinking Periods with
Days IF(3, 279) = 8.76, p < .001] in this baseline phase suggests that
this increase is due primarily to increased consumption during the first

drinking period, as reflected in Fig. 2. In the baseline period preceding
conditioning with motion as the US (lower panel, Fig. 2), there was no
reliable change in consumption over days (F < 1) and there was no
interaction of Drinking Periods with Days (F < 1), indicating that the
animals were fully adapted to the drinking regimen by this point in the

experiment.
In both baseline phases there was a reliable interaction of Lesion Groups

with Drinking Periods [Fs(2, 93) > 8.76, p's < .001]. These effects reflect
the different drin_ng pattern of the lesioned animals compared to that
of the control and sham animals. The total intake of the three lesion

groups did not differ (Fs < 1), but the average consumption of lesioned
animals was consistently less than that of control and sham animals in
the first drinking session and consistently more than control and sham
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animals consumption in the second drinking session (Fig. 2). This lower
fluid consumption by lesioned animals in the first daily drinking session,
combined with their compensatory increased intake in the second daily
drinking sessions, suggests that ablation of the AP may interfere with
physiological mechanisms involved in the initiation of drinking or with
regulation of water balance.

Conditioning with LLCI as the US

As a pharmacologic/behavioral method for identifying animals with
incomplete lesion of the AP, the strength of CTA produced by LiCI
toxicity was examined. The relationship between CTA and the extent
of damage to the AP was assessed by computing correlations between
the histological ratings for the extent of lesions and the aversion ratios
calculated to determine the strength of LiCI-induced CTA. The correlation
obtained for these ratios and the 5-point histological ratings for extent
of damage to the AP for all 57 of the lesioned animals suggested that
there was a weak inverse relationship between CTA to sucrose and the
extent of the lesions [r(50) = 0.32, p < .05]. However, when the analysis
was restricted to those 38 animals with lesion ratings of 3, 4, or 5 there
was no reliable correlation between the sucrose aversion ratios and the
extent of the lesions. This finding indicates that complete ablation of the

AP (rating 3) was sufficient to block LiCl-induced CTA (resulting in
aversion ratios greater than 0.80) and further damage incorporating the
subpostrema (rating 4) or adjacent areas (rating 5) did not reliably alter
this effect.

Sucrose intake in the first drinking period: CTA. The average fluid
consumption for animals in the three lesion conditions during conditioning
with LiCI as the US is presented in Fig. 3. To control for the different
drinking pattern induced by AP lesions, fluid consumption was analyzed
using repeated measures analysis of covariance (ANCOVA). To determine
the reactions of animals to the novel-tasting sucrose solution a 3 (Lesion
Group) x 2 (Days 6 and 7) ANCOVA, with repeated measures on the
second factor and water consumption on Day 5 as the covariate, was
computed. As reflected in the upper panel of Fig. 3, the consumption
of sucrose on conditioning day (CD) was not reliably different from
consumption of tap water on Day 6 (F's < 1 for Days and the Lesion
× Days interaction). The pattern of reduced fluid intake by lesioned
animals compared with control and sham animals in the first drinking
period was present on the CD, when the animals consumed sucrose
solution IF(I, 92) = 9.434, p < .01], as it was during baseline when the
animals drank tap water.

Overall analyses of the conditioning data (upper right panel of Fig. 3)
were conducted using a 3 (Lesion Group) x 2 (Days 7 and 10) ANCOVA,
with repeated measures on the second factor and water consumption on

!
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FIG. 3. Mean fluid consumptionfor animals in the three lesion conditionsin both
drinking periodsof the LiCI conditioningexperiment. The data on the left of each panel
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(TD),

Day 6 as the covariate. This analysis revealed a significant effect for the
interaction of Lesion Group with Days IF(2, 92) = 28.770, p < .001],

reflecting the increased consumption of sucrose from CD to test day
(TD) by the AP-lesioned animals and the decreased intake of sucrose
from CD to TD by the control and sham animals. There was also a
reliable effect of Lesion Group IF(2, 92) = 4.219, p < .0S], but the main

effect of Days was not significant IF(I, 92) = 3.479, p > .05]. Conditioning
effects were examined further by computing the simple effects of Lesion,

and the Lesion Group with Days interaction. There was a reliable decrease
in the intake of sucrose solution from Day 7 (the CD) to Day 10 (the

TD) by the control animals (p < .001) and the sham animals (p < .001),
reflecting CTA produced by pairing the injection of LiCI with the initial

consumption of sucrose. The small increase in the average intake of
sucrose from Day 7 to Day 10 by the AP-lesioned animals was not
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statistically reliable Q9> .05). Thus, lesioned animals faile d to associate
the novel-tasting sucrose solution with toxicosis induced by LiCI, thereby
confirming the role of the AP in this form of conditioning. As expected,
both control animals and sham animals drank less sucrose than did AP-
lesioned animals on the TD (,o's < .01). Although the average intake of

sucrose was not different for sham and control animals on the CD (F <
l) consumption of sucrose by these two groups was reliably different on
TD (p < .01), reflecting the stronger CTA to sucrose by animals in the

intact control group.
Water intake following injection with LiCI. The overall analysis for

the intake of tap water in the second drinking period during conditioning
(see Fig. 3, lower right panel) was conducted using a 3 (Lesion Group)
x 2 (Days 7 and 10) ANCOVA, with repeated measures on the second

factor and water consumption on Day 6 as the covariate. This analysis
indicated reliable effects for Lesion Groups [F(2, 92) = 8.764, p < .00i]
and for the interaction of Lesion Groups with Days IF(2, 92) = 18.380,

p < .001]. The interaction of Lesion Groups with Days was examined
by computing the simple effects. The consumption of water in this drinking
period increased from Day 7 to Day l0 for the sham and control groups
(p,s < .01), but did not change for the lesioned animals (F < 1). Thus,
changes in the consumption of water in this second drinking period mirror
changes in sucrose intake in the first drinking session; whereas the animals
that formed CTA and reduced intake in the first session on Day l0

compensated by increasing intake in the second drinking period, animals
which did not form a CTA did not alter intake of water in this second

drinking session.

Conditioning with Motion as the US

The average fluid consumption during the two drinking periods in the

rotation experiment is shown in Fig. 4. The analyses of da'ta for the two
baseline phases and from conditioning with LiCi (presented above) indicated
that fluid intake in the two drinking periods is not independent, because
animals compensate for variations in consumption in the first period by

altering their intake in the second period. Since successful conditioning
with rotation would cause decreased consumption in the first drinking

period which would lead to increased drinking during the second period,
the fluid consumption data for the two drinking periods were analyzed
separately. To control for the different consumption pattern exhibited
by lesioned animals, data were analyzed using repeated measures ANCOVA
followed by analyses of simple effects.

Cider intake in the first drinking period: CTA. The conditioning effects
of motion are shown in the data reflecting consumption of cider vinegar

in the first drinking period, in the left column of Fig. 4. A marked
neophobic response to this solution was seen in all groups on Day 15.

{ - •
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A 3 (Lesion Group) x 2 (Days 14 and 15) ANCOVA, with repeated
measures on the second factor and water intake on Day 13 used as the

covariate, was computed to evaluate this effect. Significant neophobia
was reflected in a reliable effect for Days [F(i, 92) = 476.165, p < .001].
In addition, there was a reliable difference for Lesion Group [F(2, 92)

= 4.563, p < .05] due to the fact that lesioned animals consumed less
cider vinegar than did control or sham animals on Day 15 (p's < .001).

The effects of conditioning with motion on cider vinegar consumption
on Day 18 (the TD) were first analyzed using a 3 (Lesion Group) x 3
(Motion Duration) ANCOVA, with consumption on Day 15 (the CD) as
the covariate. The overall analysis reflected a significant main effect for
Motion Duration IF(2, 86) = 112.849, p < .001], but no reliable effect
for Lesion Group and no reliable interaction of Lesion Group x Motion
Duration (Fs < 1). Thus, the acquisition of CTA reflected in reduced
intake by the groups exposed to rotation was not different for the three
lesion groups. Subsequent analyses of the simple effects of Motion Duration
indicated that both the 30- and 90-rain rotation groups developed significant
CTA to the cider vinegar as compared with the no-motion animals (,o's
< .001; see the left panels of Fig. 4). However, the magnitude of CTA
to the cider vinegar solution, reflected by consumption on Day 18, did
not differ for the 30-rain and 90-rain motion duration groups (p > . 10).
These results indicate that off-vertical rotation at 150°/s for either 30 or

90 rain is an adequate US for producing CTA and, it is also clear that
lesioning of the AP does not block acquisition of CTA induced by these
conditions of motion. These results also suggest that the intitial acquisition
of motion-induced CTA is not affected by the intensity of the motion
US.

Cider intake in the first drinking period." Extinction. To evaluate the
effects of lesion condition and motion duration on the rate of extinction

of CTAs a 3 (Lesion Group) x 2 (30- or 90-rain Motion Duration) x 2
(Days) mixed ANCOVA, with repeated measures on the last factor and
Day 15 used as the covariate, was computed for cider vinegar intake on
Days 21 and 24. The overall analysis indicated that the effect of Motion
Duration was reliable [F(I, 61) = 43.505, p < .001], reflecting the slower
rate of extinction of animals rotated for 90 rain as compared to those in
the 30-rain rotation groups. There was also a significant effect for Lesion
Groups [F(2, 61) = 7.876, p < .001], but no reliable effect for Days (F
< !) and no significant interactions. Analysis of the simple effects for
Lesion Groups indicated that the rates of CTA extinction did not differ
significantly for animals in the intact control and sham-lesioned groups
(p > .17). However, the AP-lesioned animals had reliably slower rates
of extinction of CTAs than did the sham or intact control groups (p,s
< .05). Thus, in contrast to results obtained from the analyses of CTA
acquisition as reflected by consumption of cider on Day 18 only, the
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results from this analysis suggest that the magnitude of the motion US

does significantly affect the rates of CTA extinction. Furthermore, lesioning
of the AP also slows the rate at which animals extinguish motion-induced
CTAs to a cider vinegar solution (see the left panels of Fig. 4). This
latter finding is compatible with the notion that AP lesions enhance the

magnitude of CTAs induced by motion in rats (Ossenkopp, 1983).

Suppression of Postrotationai Drinking

The suppressive effects of motion on water consumption on Day 13
are shown in the right column of Fig. 4. To evaluate postrotationai
suppression of drinking On Day 15, a 3 (Lesion Group) x 3 (Motion
Duration) ANCOVA was computed, using water intake in the second
drinking period on Day 14 as the covariate. This analysis revealed a
significant effect for Motion Duration IF(2, 86) = 7.438,-p < .001]. The
effect of Lesion Group [F(2, 86) = 2.196, p < .20] and the Lesion ×
Motion Duration interaction (F < !) were not significant. Simple effects
computed for Motion Duration indicated that, compared with no-motion
animals, both 30 rain (p < .01) and 90 rain (p < .001) of rotation at
150°/sec were sufficient US for producing a significant postrotational
suppression of drinking. The magnitude of this postrotational suppression
of drinking was not reliably different for animals rotated for 30 min versus

those rotated for 90 min (F < 1). These overall findings support the
proposal that drinking suppression can be produced in the rat by rotary
stimulation, although the duration of the motion US did not affect this
measure. It is also apparent from these results that AP lesions in rats
do not prevent the suppression of postrotational drinking.

Fecal Boli during Rotation

The data for boll counts were first evaluated by computing a 3 (Lesion
Group) x 3 (Motion Duration) ANOVA. This analysis revealed no reliable
effects of either Lesion Condition (F < i) or Motion Duration IF(2, 87)
-- 2.680, p < .10]. There was also no significant Lesion x Motion

Duration interaction [F(4, 87) = 1.148, p > .25]. With the exception of
the intact control group which was simply confined for 90 rain, the mean
number of fecal boll was always higher for animals in the confinement
plus rotation conditions than for animals which were confined in the
rotation apparatus but not rotated. Although these results suggest that
defecation in the rat may be increased by rotational stimulation, the
numerical increases in fecal boll in response to motion were very small.
To further evaluate these data, animals in the no-motion conditions were

subdivided into two groups, depending on whether they were confined
in the Plexiglas containers for 30 or 90 min. This resulted in the formation
of 12 groups formed by the factorial combination of three lesion conditions
(control, sham, or lesioned), two motion conditions (no-motion or motion),
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and two confinement durations (30 or 90 rain). A 3 (Lesion Condition)

x 2 (Motion Condition) × 2 (Confinement Duration) ANOVA was then
computed on the boll data. The only reliable effect found with this
analysis was for the Confinement Condition [F(I, 84) -- 13.238, p <
.0011, indicating that boli counts increased as time of confinement in the

Plexiglas holding cages increased. These results indicate that the AP in
the rat does not mediate the response of defecation during motion and

weaken the validity of the claim that increased production of fecal boll
during rotation is a reliable index of motion sickness in the rat.

DISCUSSION

The results of the LiCI experiment in this study confirm prior reports
that thermal cauterization of the AP disrupts CTAs induced by LiC!

(Hartley, 1977; McGIone et al., 1980; Rabin, Hunt, & Lee, 1983; Raus-
chenberger, 1979; Ritter et al., 1980). The consistency of this finding
indicates that this procedure can serve as a useful pharmacologic validation
of _u¢c-essful- lesion of the AP, such as was done for screening AP-
lesioned animals in this study for later use in the rotation experiment.
Furthermore, results of the correlational data between strength of aversions
and extent of damage to the AP suggest that it is the AP and not immediately

adjacent structures which mediates development of LiCI-induced CTA.
We also found that lesioning of the AP in rats resulted in a long-term

reduction in body weight (presurgicai weights were never attained in the
34 days postsurgery before conditioning procedures began), which is in
agreement with results reported by other investigators (Berger et al.,
1973; Carlisle & Reynolds, 1961; Coil & Norgren, 1981). Similar effects
of AP lesions are reported for species in which emesis occurs, although
recovery of appetite and interest in food occurs within 2-3 days in
monkey (Brizzee et al., 1980) and within a week or so in cats (Borison
& Borison, 1986). Although food intake was not monitored in this ex-
periment, the chronic weight reduction in AP-lesioned rats seems more
likely to be due to alterations in food consumption than to altered fluid
intake. Although lesioned rats consistently drank less water in the first
daily drinking periods and more water in the second drinking period than
did animals with an intact AP, the AP-lesioned, sham, and control rats

did drink comparable overall amounts of water on baseline days. The
reasons for this alteration in the pattern of drinking are not clear, but
previous investigators have also suggested that the AP plays a role in
the regulation of drinking behavior (Edwards & Ritter, 1982).

In contrast to the findings on LiCI-induced CTA, lesions of the AP
had no effect on conditioning, as measured by the strength of initial CTA
acquisition, when motion served as the US. The AP-lesioned rats in this
experiment developed CTA to cider which in magnitude was comparable
to that acquired by sham-lesioned and intact control animals. However,
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as assessed by the rate of extinction of CTAs induced by rotation, lesions
of the AP do affect the duration of motion-induced CTA. The CTAs to

cider extinguished more slowly for lesioned animals than they did for
sham or intact control animals. This finding is generally in agreement
with that of Ossenkopp (1983), who reported that AP lesions enhanced
formation of motion-induced CTAs. The finding that animals rotated for

90 rain developed more enduring CTAs, as measured by rates of extinction,
than did those rotated for 30 rain also supports the notion that CTAs
induced by this US are dose-dependent (Green & Rachlin, 1976), as they
are when drugs are used as the US (Nachman & Ashe, 1973; Rabin et
al., 1987; Rauschenberger, 1979). Overall, it seems quite clear from the
results of this study and the studies by Hartley (1977) and Ossenkopp
(1983) that the AP is not a critical neural structure mediating motion-
induced CTA in the rat. Furthermore, the failure of AP lesions to block
CTA induced by any of the four motion parameters used in these studies
indicates that the AP does not mediate motion-induced CTA in a dose-

response fashion as this structure appears to do for drug-induced CTA
(Rabin et al., 1987; Rauschenberger, 1979).

Analysis of data of drinking suppression confirms the previous report
that rotary stimulation causes suppression of postrotational drinking
(Haroutunian et al., 1976). However, as revealed by the lack of any
differential suppression between animals rotated for 30 versus 90 rain,
this measure may not be sensitive to the duration or intensity of vestibular
stimulation. Results from the current experiment also indicate that AP
lesions do not attenuate suppression of postrotational drinking.

Results obtained on defecation accompanying confinement and/or motion
in this experiment raise questions about the reliability and validity of
this measure as an index of motion sickness in the rat (Ossenkopp &
Frisken, 1982). Since animals confined in the holding apparatus for 90
rain exhibited more defecation than did animals confined for 30 min,

regardless of whether or not they were rotated, it seems reasonable to
suggest that increased levels of defecation may simply reflect emotionality
(Hall, 1934) from the stress of confinement. Clearly, the AP does not

play a role in the elaboration of this response to motion since._lesioned,
sham, and intact control animals did not differ in their levels ofdefecati0n
across either of the two rotation conditions used in this study. This

finding is consistent with those found in AP'ablated cats, where subemetic
signs of motion sickness including salivation, panting, urination, and
defecation were all present after iesioning of the AP (Borison & Borison,
1986).

The overall results of the present studies indicate that AP lesions in
the rat do not prevent (1) formation of CTA to a cider solution paired
with motion, (2) the suppression of drinking following exposure to motion,
or (3) amount of defecation during exposure to motion; three measures
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proposed as species-relevant measures of motion sickness in the rat.

Although additional postrotational beha_cib'ral measures, including pica
(Mitchell et al., 1977) and reduction of bar pressing for food reward
(Riccio & Thach, 1963), have been proposed as pertinent indices of
"illness" or "motion sickness" in the rat, we know of no studies showing
that these measures depend upon physiological mechanisms or have
neural pathways in common with those involved in frank motion sickness.
Reduction of spontaneous locomotor activity after rotation has also been
proposed as a behavioral index of motion sickness in the rat (Eskin &
Riccio, 1966). Vestibular damage reduces the effects of motion on spon-
taneous activity (Riccio, lgarashi, & Eskin, 1967), consistent with findings
from similar studies in species capable of emesis {Meek. Graybiel, Beischer,
& Riopelle, 1962). However, spontaneous activity as a measure of motion
sickness in rats is still questionable since there is no way to ensure that
decreases in activity are due to sickness per se, or due to a lack of
muscle coordination or dizziness which may be produced by rotation
independent of other physiological effects comprising the prodromal
symptoms of motion sickness.

At the time these studies were initiated conventional wisdom held that

the AP was the locus of the chemoreceptor trigger zone which mediated
the emetic response to both motion and drugs (Borison, 1974; Borison,
Borison, & McCarthy, 1984: Borison & Wang, 1951, 1953; Wang &
Borison, 1950; Wang & Chinn, 1954), as well as to X-irradiation (Brizzee,

Neal, & Williams, 1955, Wang, Renzi, & Chin, 1958). Similarly, CTA
induced by blood-borne toxins (Berger et al., 1973, Coil & Norgren,
1981; McGlone et al., 1980: Rauschenberger, 1979; Ritter et al., 1980)
or by X-irradiation (Ossenkopp & Giugno, 1985: Rabin eta|.(1983) are

attenuated or abolished by lesion of the AP and data suggest thai a
humoral factor resulting from exposure to radiation may mediate formation
of CTA (Hunt, Carroll, & Kimeldoff, 1965, 1968). Although the possible
chemical substances eliciting vomiting have remained elusi_ve, it has been
proposed that a humoral factor released during motion triggers the emetic
reflex (Crampton & Daunton, 1983: Wang & Chinn, 1956). Hence, the
idea that humoral factors released during rotational stimulation in the
rat might underly formation of motion-induced CTA and be mediated by
the AP was considered.

The data reported here as well as those of Ossenkopp (1983) suggest
that if a humoral factor is produced by motion in the rat resulting in
formation of CTA, the AP is not the site of chemoreceptors mediating
this response. Recent experiments in the cat (B6rison'& Borison, 1986:
Corcoran, Fox, Brizzee, Crampton, & Daunton, 1985) have also reported
contradictory findings from earlier work in d0g (Wang & Chinn, 1954)
and monkey (Brizzee et al., 1980) regarding the function of the AP in
mediation of motion sickness. Both of these studies found that while AP
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lesions made cats refractory to drug-induced emesis, ablation of the AP

did not prevent motion-induced vomiting. Thus, it appears that for both
cat and rat, if a pathophysiologic humoral factor is being released by
motion, the AP is not the neural structure mediating the resultant adverse

consequences.
Further research is needed to determine which, if any, of the neural

mechanisms known to mediate drug-induced CTA are involved in motion-
induced CTA. One likely candidate is the vagus, since any internal aversive

state produced in the rat by rotational stimulation could be acting through
peripheral gastrointestinal mechanisms, much like intragastric copper
sulfate. This peripherally acting emetic produces strong CTA in the rat
(Nachman & Hartley, 1975), produces emesis in animals with lesions of
the AP (Borison & Wang, 1953), but is ineffective for producing CTA
in vagotomized rats when given orally or intragastrically (Coil et al.,
1978; Rauschenberger, 1979). However, although a study on motion-
induced CTA in vagotomized rats would be informative, even if such
intervention prevents acquisition of motion-induced CTA any analogy
with "motion sickness" will be equivocable, since nausea and vomiting

produced by motion are still present after either gut denervation or total
abdominal evisceration (Borison & Wang, 1953; Wang, Chinn, & Renzi,

1957).
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I. INTRODUCTION

The avoidance of foods which are associated with uncomfortable or aversive'intemal states

has long been recognized. Many people are aware, either directly or via anecdotal reports, of

individuals who avoid foods which were eaten just before the onset of sickness. Awareness of

this phenomenon can be traced to the writings of John Locke.' The disruption of diet during
cancer therapy is sometimes ascribed to the attribution of an unpleasant quality to foods eaten

preceding the sickness induced by therapy itself,: In addition, it has long been recognized by the

manufacturers of rodent poisons that animals avoid the injection of food treated with nonlethal
doses of poison. J-'_

An important pan of the laboratory study of this phenomenon has been direc:ed toward

studying the role learning plays in this type of avoidance behavior. Following the lead of Garcia

and his associates, this avoidance has come to be interpreted as arising from a form of classical

conditioning. In typical laboratory, studies of this behavior, a novel food is ingested just prior to

exposure to some stimulus, commonly poisoning or irradiation, which produces illness.
Following the terminology of classical conditioning, it is common to describe this procedure as

one of"pairing" a conditioned stimulus (CS), the novel food. with an unconditioned stimulus

(US), the illness induced by toxicosis or irradiation. Avoidance of the food in succeeding feeding
opportunities is viewed as a learned response or a conditioned taste aversion (CTA).

Garcia and associates have argued that this form of learning is biologically significant in that

it serves to regulate the "internal milieu", presumably by adjusting the hedonic value of food via

feedback from the viscera. S6 Work by Garcia and collaborators has generated considerable

debate in the psychological literature regarding this form of conditioning and its impact on

traditional theories of learning) .7Various bibliographies s.yand reviews _°-'-"dealing with these
issues are available in the existing literature. These sources should be consulted for de.'ailed
discussion of theoretical issues.

The persistent cohcetStibn that "_ness",lSanicularly visceral illness, serves as the US for the

development of CTA is of more importance to the use of CTA in motion sickness research. Early
studies of CTA typically used either exposure to irradiation or injection of toxins as the US. Most

stimuli used as USs in these studies were known to produce sickness in the form of nausea or

vomiting in humans or animals. Thus, the assertion that sickness produced by these treatments
was the functional US producing the observed CTA was a natural inference. In addition. Garcia

and E,"vin_ discussed the anatomical convergence of gustatory, and visceral afferents in the

nucleus ofthe solitary tract, and thus suggested a putative neural system to account for the unique
propensity, demonstrated by Garcia and Koelling, j_for gustatory stimuli to become associated
with visceral disruption (i.e., "sickness").

Garcia et at. t_asserted that motion sickness could produce "'gustatory" aversions, but passive
motion was first reported as an US to establish CTA by Green and Rachlin.'" The purpose of this

chapter is to review the manner in which CTA has been used to study motion sickness. Numerous

reviews concentrating on other aspects of CTA are available in the existing literature. Readers
are encouraged to consult the various papers _2: and edited books _12Jfor extensive information

on other aspects of this literature.

1I. RATIONALE FOR USING CTA

The assumption that an unspecified, aversive internal state resulting from exposure to passive
motion is the effective stimulus producing CTA underlies the use of CTA to measure motion

sickness. V_arious forms of evidence support the inference _hat CTA produced using passive
motion as fine US results from motion sickness. In early studies investigating the use of motion-

induced CTA in rats it was noted that lithium chloride, cyclophosphamine, or irradiation have

nauseogenic and emetic effects in other animals or in humans, and presumably produce general
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malaisewhichservesastheUSinrats.Becausenauseaandgastrointestinaldistressarecommon

components of the motion sickness syndrome, the inference that motion-induced CTA arises

from illness is plausible. The presumed importanc_ of an internal state, or illness, as the US was

supported further by the demonstration that rn0tioh:induced CTA occurs more readily to

gustatory cues than to either proprioceptive or exteroceptive cues. u This finding is consistent
with data for poison-induced CTA 6 and lends plausibility to the inference that exposure to

motion disrupts an internal state, thereby producing CTA. In addition, the vestibular system

plays a critical role for the efficacy of motion as an US to produce CTA. After surgical damage

to the vestibular system, motion-induced CTA is either prevented, _ or greatly attenuated. :6
Thus, as motion sickness does not occur in laby-rinthine-defective humans :7 or animals, u-'9

motion-induced CTA does not occur when the vestibular system is destroyed in rats.

Following this general conception of a plausible relationship between CTA and sickness, two

principal applications have evolved for using CTA to assess motion sickness. The most

prevalent is to view CTA as a behavioral reflection of motion sickness that may be useful with

species such as the rat which are incapable of vomiting? ° This concept was implied by

Hutchison _) and furthered by Mitchell and c011e_ues -_u_who showed that both pica and CTA

could be produced by rotation and then argued that these two effects of rotation should be

considered species-specific reactions to motion sickness. The second application is to assess

subemetic symptoms of motion sickness in animals capable of vomiting. This application was

suggested for squirrel monkeys by Roy and Brizzee. .u and Wilpizeski and Lowry _s have

proposed a theory interpreting nausea as the US for CTA in squirrel monkeys.

IlL GENERAL MODEL OF THE CTA PARADIGM

A. DEHNING CHARACTERISTICS

Various aspects of a general model of the CTA paradigm, with particular attention to factors

which are important to the application of CTA io the study of motion sickness, are discussed in

this section. This model has the following characteristicsi ( I ) A flavored stimulus (often a novel

fluid) serving as a CS is offered to the animal. (2) Some form of passive motion, most often

involving rotation, is used as a US. Exposure to this motion typically occurs soon (within

minutes) after access to the CS is withdrawn. (3) A period during which recovery, from the direct

effects of the US can occur (perhaps 2 or more days) follows the joint presentation (i.e.,

"pairing") of the CS and US. (4) The CS is presented by itself(an "'extinction trial") to determine

the strength of CTA developed by pairing the flavored stimulus with passive motion. Various

modifications on this general model may occur for experimental reasons or because of

limitations arising from practical considerations in a specific study.

B. A POTENTIAL ADVANTAGE OF CTA OVER OTHER DEPENDENT

MEASURES

While vomiting is well defined and universally accepted as the endpoint of motion sickness,
the identification of nausea, and the interpretation of the various other effects of motion which

accompany motion sickness are less clear, particularly in animals. Of special interest here are

the disorientation and disruption of locomotion and motor skill which may be produced by

exposure to passive motion. Reason and Brand :7 referred to these accompanying effects as

epiphenomena to the "big four" reactions of motion sickness: pallor, cold sweating, nausea, and

vomiting. Other putative dependent measures of motion sickness, especially those which reflect

sickness via reductions in behavior, ate prone to influence by these accompanying effects of

motion in addition to being influenced by motion sickness itself. These other measures include

spontaneous activity, _6operant responding for food reinforcement, _7and fluid intake. _ While

these measures need not necessarily be affected by factors other than sickness," each could be

suppressed by accompanying effects and by various exteroceptive stimuli (i.e., noise, vibration,

or other stimuli associated with the production of passive motion stimulation).
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On the other hand, CTA is produced by exteroceptive cues only with difficulty. In addition,

when CTA is used as the dependent variable for assessing motion sickness, disorientation,

disruptions of locomotion, and other residual effects dissipate during the recovery period
following the pairing ofa CS with exposure to passive motion (see number 3 alcove). Thus, this

recovery, period between the conditioning and evaluation phases of the CTA paradigm serves

to isolate the evaluation of motion sickness from various direct effects of motion which may not

be the intended referent of"motion sickness". This characteristic of the CTA paradigm provides

CTA with an advantage over some other putative measures of motion sickness. Changes in those
putative measures which indicate sickness by increases in behavior (the intake of nonnutritive

substances, or pica J2J3) may be reduced by accompanying effects of motion, but these measures

will not provide a false positive indication of sickness. Because the rate of defecation can be

affected by general arousal, animals should be acclimated to the experimental conditions before
testing. -'9

C. POTENTIAL CONFOUNDING VARIABLES IN CTA
1. Novelty and Salience of the Conditioned Stimulus

The relative novelty of a taste can have a profound influence on the strength of an aversion

conditioned to that taste. It is generally the case that stronger aversions are formed to novel tastes

than to familiar tastes. "°._ However. CTAs can be formed to familiar tastes in animals, _-_3 in

children. 'a and in adult humans.: Thus, it is not imperative that a novel taste be used as a CS. In

many cases, particularly when rodents or other small laboratory-bred animals are used, the

feeding history of subjects is controlled and known and a novel-flavored food or solution can

be used to make a sensitive test for CTA. When primates such as the popular squirrel monk_
are used, the selection of palatable, novel-flavored stimuli can be problematic. Caution should

be used when pretesting a flavor to assess its palatability, because pretesting itseifmay influence

the effectiveness of that flavor as a CS. Exposure to a potential CS preceding conditioning
clearly attenuates the strength of an aversion to that cue. '5.'_

The term salience has been used to describe the propensity of a cue to become conditioned.

Rozin and Kalat:: demonstrated that all tastes are not equally associable to the internal

consequences of poisoning in rats. Those tastes to which stronger aversions were formed were

referred to as more salient. The salience of a cue may be affected by its novelty, intensity,
palatability, and_intrinsic taste quality (see Kaiar _ for references). Rozin and Kalat'-" demon-

strated that palatability order, determined as preference in choice tests, does not necessarily
correspond to the salience order for a set of taste cues. Kalat "_ varied the concentration of

flavored solutions used for conditioning to investigate the role familiarity may play in
determining salience. For rats reared on tap water, the more concentrated of two solutions was

associated better with illness. For rats reared on an even more concentrated solution, the less

concentrated solution was associated better with illness. Kalat suggested that unfamiliarity

(novelty) is a major determinant of salience. Salience also appears to be affected by cue

characteristics other than taste alone. Solutions typically used in studies of CTA may differ in
odor as well as in taste. By rendering rats anosmic, it has been sli0-wn that olfactory cues:can
combine with taste cues to increase the salience of a "flavored" (i.e., a taste} stimulus. '_

The novelty and salience of cues used as CSs are clearly related to the strength of CTAs and
could impact importantly on studies using CTA to investigate motion sickness. A research

objective which requires repeated conditioning with a given animal will be influenced by these

effects. The same cue should be used as a CS in successive conditioning attempts using different

USs only with caution, and precise matching of cues for novelty�salience is very difficult and
costly, if possible. Several investigations of the relative salience of some cues have been

conducted for rats, _7"5tbut similar studies for other specie-s-uSed in motion sic_ess mSearch(i.e._

dog, cat, and monkey) have not been conducted. Certainly, any comparison of the strength of
CTA associated with different phases of an experiment must be made cautiously or avoided
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completely. A design where a cue is presented repeatedly but an aversion is not formed

simultaneously provides preexposure to the CS,which may reduce the strength of CTA

conditioned to that cue later. Thus, the demonstration of CTA in later conditioning conserva-

tively shows CTA can be produced, but it does not pose a sensitive test of tile strength of that

CTA. In addition, any design using repeated conditioning will also expose animals to aversive

internal consequences, either from the same or another US, and such exposure can significantly
attenuate the strength of CTAs induced later (see below).

Research investigating the effects of lesions on motion-induced CTA should consider effects

of those lesions on salience as well as on the efficacy of the US (i.e.. on motion sickness)_ It has

been shown, for example, that lesions of area postrema influence food consumption in rats. J-'
While the effects of lesions on other neural structures of interest to motion sickness research are

not necessarily known, it should be recognized that surgical interventions could affect the

magnitude of CTA by altering reactions of the animals to the CS as well as to the US or its internal
effects.

2. Prior Exposure to the Unconditioned Stimulus

The strength of conditioned aversions generally is greatly reduced by exposing animals to an

aversion-producing treatment prior to conditioning. That is. animals exposed to an aversion-

producing treatment prior to the pairing of that. or a different treatment with a flavored food.

commonly form aversions less readily than animals exposed to a control treatment prior to

conditioning. In some cases this exposure before conditioning completely prevents the forma-

tion of a conditioned aversion. This effect can occur when any of various conditioning

procedures and aversion-producing treatments are usedJ 3The degree of reduction in magnitude

of CTA which is produced by exposure to a treatment prior to conditioning generally increases

as the number of exposures prior to conditioning increases, but reduced magnitude of condition-

ing has been demonstrated with a single exposure preceding conditioning. 53--`'*

Braveman -'_ referred to experiments in which animals are exposed to one potentially

aversion-producing treatment and then conditioned with a different treatment as "'crossover"

experiments. Experiments of this type have been conducted to exclude addiction or tolerance to

the drugs commonly used as aversion-producing treatments as explanatory factors for the effect.

However, in a series of crossover experiments of particular importance to the use of CTA as a

measure of motion sickness, Braveman :_ (Experiment 5) demonstrated that five exposures to

doses of methylscopolamine, d-amphetamine sulfate, or lithium chloride prior to conditioning

with motion blocked the formation of an aversion when rotation (60 rpm for 15 rain) was used
5 d later as an US.

The blocking of motion-induced CTA by preconditioning exposure to aversion-inducing
drugs is a finding of cardinal importance to the use of CTA in studies of motion sickness.

Braveman suggested this blocking effect may depend on exposure to a treatment which can be

used as an US for producing CTA. The existence of this effect dictates that CTA should not be

used to measure motion sickness when animals have been exposed to any of the myriad of drugs

known to be an effective US for CTA. This can be of special concern when primates, which are
sometimes tested on several occasions over a period of years, are used in motion sickness

research. A conservative interpretation would indicate that CTA should not be used, or at least

should be used with caution, if animals have been tested previously with emetic drugs, or with

other drugs such as scopolamine, which can be used as an US to produce CTA.

In addition, passive motion itself meets Braveman's criterion of being a treawaent capable

of producing CTA, and the attenuating effect of exposure to a treatment before conditioning is

typically robust when animals are exposed to the identical treatment that is to be used for

conditioning. Thus, it would appear that CTA might be expected to be weak when conditioning

follows several exposures to the motion used later asan US. Haroumnian et al._ (Experiment

3b) reported that exposure to interrupted rotation before conditioning prevented the formation
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of CTA in rats when that same motion was used as an US. In this experiment preconditioning

exposures consisted of rotation of water-deprived rats on five separate occasions in order to

study postrotational suppression of drinking. Exposure to rotation before conditioning clearly

reduced the magnitude of CTA produced by later conditioning, All animals were exposed to

motion the same number of times prior to conditioning, and the parameters of the motion (i.e.,

speed of rotation, etc.) were not varied. Thus, it is not possible to determine the minimum number

of exposures to rotation which will produce this effect or whether this minimum number is

affected by the type of passive motion that is used. It is ctear from this experiment, however, that

serious confounding ore ffects could arise if the number of exposures prior to conditioning varies

for different animals. This potential problem should be considered if animals to be used in a

conditioning study may have been used in previous motion sickness research.

3. Interaction Between Unconditioned Stimuli

The efficacy of an US can be influenced by other stimuli present at the time the US is applied.

Electric shock typically is not an effective US for establishing CTA. However. Lasiter and
Braum '6 have shown that rotation-induced CTA is enhanced when rats are exposed to footshock

in conjunction with rotation. In a second experiment reported in this paper it was demonstrated
that footshock also enhanced the magnitude of CTA produced using apomorphine as the US.

Thus, it appears that the enhancing effect of footshock on rotation-induced aversion is not

necessarily due to increased vestibular stimulation arising from movements elicited during

rotation. The authors suggest this enhancement is due to inci'eased arousal produced by the
footshock_ThiS clemonstrat_on 0f enhanced CT,_bya stimulus Which isnot an effecctive US for

CTA indicates that control groups should be included when the method of exposure to motion

might affect the levei of arousal of animals.

IV. IMPLEMENTATIONS OF THE PARADIGM

A. PASSIVE MOTION AS AN UNCONDITIONED STIMULUS

Simple, vertical axis rotation is the most common form of passive motion used to produce

CTA. Rotation speeds range from as low as 12 rpm (72"/s) to as great as 198 rpm (1188"/s), but

most studies have used speeds of 30 to 40 rpm (1 g0 to 240"/s). Because the vestibular system

is affected only by accelerations, precise specification of the parameters of motion which

comprise the US is complicated when this type of stimulus is used. If animals are restrained and

positioned so the vestibular system is directly over the axis of rotation, accelerations will occur

only briefly at the beginning and ending of rotation. However, if voluntary movement is

permitted during rotation, undefined accelerations are produced when the head is moved. Cross-

coupled accelerations, which are especially provocative for producing motion sickness in man,
occur if the head is moved in a plane differing from the plane of rotation. No studies requiring

animals to make voluntary head movements producing such cross-coupled accelerations have

been reported.

Several forms of passive motion have been used to ensure accelerations are applied to the

vestibular system independently of voluntary movements made by the animals during rotation,

A simple method for accomplishing this is to start and stop, i.e., to interrupt the motion. This

method might be called interrupted vertical axis rotation. This form of rotation has been used

in experiments with rats.'- quail, and squirrel monkeys, it ensures that accelerations

are applied to the semicircular canals each time rotation begins and ends. The occurrence of

accelerations can also be ensured easily by tilting the rotation platform so the axis of rotation
deviates from earth vertical. When the platform is so tilted, the body axis of rats is oscillated

between head up and head down positions during rotation, thereby applying a sinusoidal pattern
of accelerations to the otoliths. This method has been used with rats r_ and mice. _t

Other methods of ensuring the application of accelerative forces to the vestibular system have
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involvedmore-complicatedmotiondevices.Theeffectsofcentrifugationhavebeeninvesti-
gatedusingforcesof 5 to I0 times gravity. 6-' Rotation about two axes simultaneously was

accomplished using a modified Hobart mixer _ with the extreme rotary speeds of 198 rpm and
88 rpm combined. Rotation combined with sinusoidal vertical oscillation has been used to

produce CTA in squirrel monkeys, _ but vertical sinusoidal acceleration alone failed to produce

CTA in squirm[ monkeys. 63Simple, vertical axis rotation can be used to produce CTA in squirrel

monkeys, Js_ so it appears that rotation may have been the effective stimulus in the earlier study _
when rotation was combined with a vertical excursion of the apparatus.

Several experiments have demonstrated that the magnitude of motion-induced CTA is

affected in a predictable manner by manipulation of parameters of motion which are known to

affect the severity of motion sickness in man. Several variables have been manipulated to

provide such correlational evidence. Green and Rachlin _ investigated the magnitude of

rotation-induced CTA while varying both the duration of exposure to rotation and the speed of
rotation. Their analysis indicated that the absolute number of rotations, not the speed or duration
of rotation alone, was the best predictor of the magnitude of aversion. The effect of different

forms of passive motion on the magnitude of CTA has been investigated for three different

motion profiles._'SAccelerative forces were varied by using three conditions producing increas-
ing stimulation to the vestibular apparatus. As the degree of presumed vestibular stimulation

increased from a condition involvin Goniy vertical-axis rotation, to sinusoidal bouncing (seesaw
motion), to cross-coupled motion comprised of rotation during seesaw oscillation, the magni-

tude of CTA also increased. Off-vertical rotation has also been used to address this issue. Off-

vertical rotation becomes increasingly provocative for producing motion sickness as the degree
of tilt increases and approaches "barbeque spit rotation". _ Fox et al. _xdemonstrated that the

magnitude of CTA increased as the tilt-axis of a rotation platform was increasingly deviated
from earth vertical.

B. METHODS OF CAGING DURING EXPOSURE TO MOTION

I. Individual vs. Group Caging

Considerable improvement in methodological efficiency can be accomplished by exposing
animals to rotatibn in groups rather than individually. The amount of savings obtained by this

procedure obviously increases as the duration of the rotation period is lengthened or as the

number of animals is increased. Because the magnitude of CTA can be influenced by circadian

rhythm, _7conditioning should be conducted during a limited period of the day. This can be

facilitated by using several motion devices, by distributing the experiment over several days. or
by exposing several, animals to motion simultaneously.

These issues are addressed briefly by Harrison and Elkins, _ who indicated several previous
studies using various approaches toexpose small groups of rats to rotation. They also describe

a simple, easily constructed device for exposing groups of rats to rotation. Their device conHnes

rats in tubes constructed of PVC pipe. Two tubes are placed side by side, and two t_ersare stacked

so that four rats can be rotated simultaneously. A similar tiered approach has been used with four

compartments ( 18 x 19 x I0 cm) in each of five tiers, permitting the simultaneous exposure of
up to 20 rats to off-vertical rotation, e).7oPlacement of animals side by side with the axis of
rotation between them permits two animals to be close to the axis of rotation on each level.

Placement of animals in chambers constructed as small squares within a larger squarepattern

with one corner of each of the smaller squares converging over the ax is of rotation permits four
animals to make yoluntary movements close to the axis of rotation on each level of such a device.

These approaches facilitate the testing of several animals while confining all animals close to

the axis of rotation and thereby minimizing centrifugal forces which increase with increasing
displacement from the axis. The total number of animals that can be exposed at a time can then

be increased by stacking levels up to the safety limits of the rotation device. The expansion of

such devices for use with larger animals should be done with consideration of possible safety
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factors resulting from weight of the device and the animals. In addition, as larger confinement

chambers are used with larger animals, greater centrifugal forces can result from orientations

adopted by the animals. Thus, control of the effective stimulus serving as the US depends

increasingly on the orientation adopted by the animal during rotation. Larger animals such as

monkeys or cats are typically exposed to motion individually. A device for exposing two cats

to motion simultaneously has been describedY but this device has not been used in studies of
CTA.

2. Restriction of Voluntary Movement

As retqected by vomiting, motion is dramatically less provocative in man when head

movements are restricted 72and in squirrel monkeys when movement is restricted. "_or prevented

by rigid restraint. 6f.r'-:_ From the viewpoint of experimental control, however, the restriction of

movement during exposure to motion has the beneficial effect of permitting better specification

of accelerations to the vestibular system. This benefit derives from the elimination or reduction

' of accelerations dependent on movement by the animals. Restriction of movement thus tends,

in effect, to equate stimulation which otherwise might vary due to movements elicited or evoked

differentially in individual animals exposed to motion.
Restraint has not been used often in studies of motion-induced CTA. The movement of rats

has been restricted to avoid uncontrolled, cross-coupled accelerations produced by whole-body
movement when investigating CTA induced by centrifugation, b-_In addition, restraint has been

used when exposing rats to off-vertical rotationY'

The magnitude of CTA induced by off-vertical rotation with whole-body movement of rats

permitted or restricted was investigated in an unpublished experiment. Rats in a voluntary,

movement condition (FREE) were placed in opaque plastic mouse cages (8 x 18 x 28 cm) when
exposed to rotation. Rats in the restricted movement condition (RESTRAINED) were placed in

plastic tubes 8 cm in diameter and 18 cm long during exposure to rotation. Each of 32 rats was

assigned randomly to one of the eight conditions formed by the factorial combination of two

treatment conditions (motion orno motion), two novel flavors (sucrose or salt), and two rotation

conditions (free or restrained). The rotation profile consisted of off-vertical rotation (rotation

axis displaced 20 ° from earth-vertical) and an angular velocity of 150*Is for 15 rain. A

discrimination procedure adapted from that used by Braun and Mclntosh 5_was used for the

conditioning procedure. During an g-d acclimation period, rats were adjusted to a restricted

drinking procedure consisting of 15 rain of access to tap water in the home cage every, 12 h
followed immediately by placement in the appropriate experimental holding cage for 15

minutes. During conditioning, one of two taste solutions, either sucrose or salt, or tap water was

offered in each drinking session (i.e., one every 12 h). One taste solution was always followed

by exposure to rotation. Tap water was offered in the drinking session 12 h after rotation and the

other taste solution Was birfered in thedrinking session 24. hours after rotaron, Completion of

three consecutive drinking sessions, during which each of the three fluids was offered once for

drinking, comprised a conditionfngcyc[e 6f the procedure. Six cond_tirning cyctes were Used

in the experiment. _ _

Conditioning was much stronger to the salt taste than to the sucrose taste. The median intake

of the paired taste solutions by animals in the FREE and RESTRICTED movemenrconditions

is shown in Figure 1. Each curve is based on data from only four animals and consequently

should be interprete_d with caution, bu t _ere is no evidence in thes_e dat a of an.y reduction in the
magnitude of CTA when whole-body movement is restricted. Neither parametric nor nonpara-
metric statistic_ tests indlcated a reiiable diffe_nce between the C0nd_i_0ns(ps > 0.20), Thus.

although the assessment of motion sickness by vomiting indicates reduced sickness under
conditions of restricted movement, the magnitude of motion-induced CTA was not reduced

when movement was restricted during exposure to off-vertical rotation.

f
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dunng motion. The upper curves reflect conditioning when the sucrose

solution was pain:d with motion. The lower curves reflect conditioning

when the salt solution was paired with motion. Each curve is based on dam

from four rats.

C. TYPES OF CONDITIONED STIMULI AND METHODS OF PRESENTATION

Flavored fluids have been used as CSs most commonly, but solid foods have been used with

rats 6s and squirrel monkeys) 5.74Fluids generally are preferred over solid foods as CSs because

residual u-aces are not as likely to be present after the CS is removed at the end of the period of

access. Solid foods may remain on the fur of the animal and be encountered during grooming

after exposure to motion. When the CS is presented in the home cage of the animal, spilled or

smeared food may remain and be eaten after the animal is returned following treatment with

motion. Nonnutritive substances are generally preferred over nutritive substances to avoid

confounding nutritional consequences with the effects of illness.
Most studies which have used flavored fluid as the CS have assessed the magnitude of CTA

with the "two bottle" method. With this method, the CS and tap water are available simultane-

ously during tests for conditioned aversion. The magnitude of CTA is assessed as preference for

the flavored fluid determined as the percentage of total fluid intake accounted for by intake of

the CS. With the "'one bottle" method, only one fluid is offered for drinking in a single period

of restricted access each day. With this method, aversion to the CS is shown either as lesser

consumption of the CS after exposure to motion than before that exposure (a within-subjects

comparison) or as lesser consumption of the CS by animals exposed to motion than by control

animals not exposed to motion (a between-subjects comparison). The two-botde method is

generally considered to be a more sensitive test of CTA than is the one-bottle method, r_'7=

However, Ossenkopp 59 found that enhancement of motion-induced CTA in animals with the

area postrema lesioned was detected with an intake measure (one-bottle method) but not with

a preference measure. He concluded that the preference measure was not sensitive to this

enhancement effect in his experiment because preference for the CS was so low that it could not

be reduced (i.e., a "floor effect" prevented detection of the enhancement of CTA). Thus, under

some conditions the one-bottle method might be preferred.

The discrimination procedure used by Braun and Mclntosh 57 and in the unpublished
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experiment discussed above may be prone to spurious effects arising from repeated exposure to
more than one flavored stimulus. Additional data from that unpublished experimem,=_e +

presented in Figure 2 and show the intakeof each fluid with the FREE and RESTRAINED
conditions combined. It is apparent from this figure that a stronger aversion was produced when

salt was paired with motion (upper panel) than when sucrose was paired with motion (middle

panel). When the salt solution was paired with motion, the animals consumed less of that solution
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in all tests for aversion (Cycles 2 through 6, p < 0.0 l). However, when the sucrose solution was

paired with motion, the consumption of that solution was reduced only in Cycles 3 and 4 (p <

0.05"). Idtake data Car the contrql animals not exposed to motion are shown in the bottom panel

of the figure. For these animals both flavored solutions were preferred over mp water in Cycle

1 (p < 0.01), but neither flavored solution was preferred over the other (p > 0.05). However, after

repeated exposure to the three fluids, consumption of the sucrose solution increased and this

solution came to be preferred over the salt solution Co< 0.01 in Cycle 6) while consumption of

the salt solution and tap water did not vary, (p > 0.05). When these results are combined, it can

be seen that a weak aversion developed to the paired solution which became more preferred

during the experiment (sucrose), while a strong aversion developed to the paired solution for

which preference remained stable during the experiment. This observation indicates that the

magnitude of motion-induced aversions may be related to the preference t'or flavored cues used
as CSs.

It should be noted, however, that these results differ from those reported by Braun and

McIntosh in two ways: they found aversions of similar magnitude to both flavored solutions and,

aithough the consumption of the sucrose solution was greater than that of the salt solution in their

experiment, they did not report a statistically re!fable difference in consumption. There is

insufficient information avai]able in the Braun and Mclntosh paper to perform a post hoc

analysis to evaluate more completely the possibility of a shift in preference in their control group.

The issue of the strength of aversion to sucrose may be related to the fact that a more severe

stimulus was used by Braun and McIntosh. In that experiment, rats were exposed to off-vertical

rotation at iS0 rpm for 5 rain (750 total revolutions) while in this experiment thev were exposed

to off-vertical rotation at 25 rpm For 15 rain (325 revolutions). Thus. if the total number of

revolutions is used to evaluate the intensity of the US, '_ there is an intensity ratio of 2:l in the

two experiments. These observations indicate that the effects of preference on the magnitude of

motion-induced CTA may become evident only if moderate motion profiles are used. In

addition, it appears that there may be complicated interactions between the preferences for

solutions used as CSs, the number ofexposures to flavored cues and changes in preferences for

them, and the intensity of motion which is used as an US.

V. RELATIONSHIP OF CTA TO NAUSEA AND VOMITING

A presumed relationship between gastrointestinal disturbance and the development of CTA
is particularly important to the use of CTA for the study of motion sickness. The use of CTA as

a putative measure of motion sickness in species which do not vomit (i.e.. rats) rests on the

assumption that motion-induced CTA is produced via neural and physiological states which

either are the same as or are analogous tothose which produce vomiting in species with a

complete emetic re)lex. When CTA is used as an index of subemetic levels of motion sickness _

or "concomitant" symptoms at"motion sickness, °3it is assumed to reflect states which comprise

internal sequelae progressing toward vomiting or internal states comprising the motion sickness

syndrome. A relationship between CTA and visceral disturbance in the form of either nausea or

vomiting has been implicit in various reports. WHpizeski and Lowry J3provide a formal theory

o fmotion sickness in squirrel monkeys in which they propose that CTA reflects the development

of a "nausea factor" which is independent of an "emetic factor" that underlies vomiting,

A. CTA PRODUCED BY DRUGS

However, the validity of this assumed relationship between gastrointestinal disturbance and

the development of CTA induced in animals by drug treatments remains open to criticism. Ashe
and Nachman *+pointed out that the efficacy of several drugs and of irradiation as USs is not

correlated s_ongly with the effectiveness of _ose treatments jn producing gastric dysfunction.
Dose levels of several drugs and irradiation which are too low to produce obvious signs of

!
!

J
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sickness in animals can be very effective treatments for producing CTA, and doses of

apomorphine which produce indications of extreme sickness may produce a CTA of relatively

low magnitude.
Thus, it appears to be more accurate to consider gastric illness to be a sufficient, but not a

necessary, condition for the production of drug-induced CTA, than to assert that gastric itlness

is the functional stimulus serving as an US in drug-induced CTA.

Information about the relationship between nausea and CTA induced by toxins can be

obtained from reports of nausea in patients studied for the development of CTA while

undergoing cancer therapy. Experimental control is very difficult in clinical studies, but it

appears from such studies that CTA and nausea are not inextricably interdependent. It has been

reported that the likelihood of developing CTA during radiation therapy is related to the site of
application of irradiation and that CTA does not always occur when nausea is reported. 2

Conversely. CTA may occur when nausea is not reported. Bemstein and Webster "9also reported

the development of CTA in patients not reponingnausea, The degree of nausea reported by their

patients was unrelated to the magnitude of aversion. Thus, the predictability between nausea and

CTA appears to be poor, but the reasons for this are unknown. More objective assessment of the

degree of nausea in patients might improve predictability. The level of plasma vasopressin has
been shown to be related to nausea in humans, s° and migh_t be used t'or more objective
assessment. However, this technique would require an invasive-procedure with patients. While

there is evidence that plasma vasopressin is related to the emetic reflex in cats? I a convincing
demonstration that increased levels of plasma vasopressin reflect nausea in animals remains to

be provided, and this technique has not been used in investigations of CTA.

B. CTA PRODUCED BY MOTION

Investigations of motion-induced CTA in animals with a complete emetic reflex provide

evidence indicating CTA and vomiting are not directly related. In studies with cats s2and squirrel

monkeys, _-_ CTA has been reported in animals which did not vomit in response to motion. In
addition, not all animals which did vomit developed CTA. Thus, if CTA was produced by

visceral illness, vomiting is not a completely reliable index of that illness. That vomiting is not

the sole index of motion sickness is acknowledged, of course, when rating scales based on

putative prodromal symptoms are used with humans s3 or animals. _'_

C. RELATED RESEARCH

Research investigating the effects of antiemetic drugs on CTA in rats provides additional
related information on the relationship between nausea and CTA. These studies have used the

rationale that if nausea plays an important role in CTA, it might be possible to use antiemetics

to prevent either the formation or expression of CTA. One approach might be to prevent CTA
by the administration of an antiemetic before exposing the animal to the US and inducing nausea.

This procedure is questionable because some antiemetics (i.e.. scopolamine) can serve as USs

to produce CTA. Thus, an antiemetic administered to counteract a presumed nauseogenic effect

of an US might enhance the magnitude of CTA. The antiemetic dose of a drug typically is

considerably less than the dose that serves as an US for producing CTA. but the potential for

confounding is clearly present in such a procedure. Consequendy, most studies have investi-

gated whether antiemetics administered at the dme of testing for CTA reduce the magnitude of

that CTA. If the magnitude of CTA is attenuated in animals treated with an antiemetic prior to

testing, it might be argued that the andemetic counteracted conditioned nausea elicited by the

taste cues (CS) at testing_
Studies which have investigated whether antiemetics administered prior to testing do

attenuate CTA have produced inconsistent results. When CTA was induced by lithium chloride

injection, the administration of scopolamine, cyclizine, prochlorperazine, or trimethoben-

zamide before testing was reported to attenuate the magnitude of CTA. _ However, a later study
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failed to replicate this finding3 7 In this second study, no attenuation of CTA was found when

prochiorperazine or scopolamine was administered prior to testing for CTA induced by the
injection of lithium, amphetamine, or morphine as USs. Replication failed even though strong

as well a_ weak aversions were produced and a range of antiemetic doses was used. This outcome

is in agreement with an eartier report of no attenuation of CTA when scopolamine was

administered prior to testing for the CTA. _

Studies conducted to investigate the role of selected neural structures in CTA induced using

motion as the US also provide some information related to the relationship between CTA and

vomiting (see work by Fox et al? 9 for a more detailed discussion than is provided here). "When

exposed to passive motion after complete ablation of the area postrema, rats develop CTA, -'9.69

and cats _2and squirrel monkeys _ develop CTA and vomit. Thus. the area posrrema apparently

does not play an essential chemoreceptive role in either CTA or vomiting induced by motion.

After selective gastric vagotomy, CTA was not produced in rats when vertical axis rotation was

the US.'° Whether vagaJ pathways might be shared by CTA and vomiting could not be addressed

directly in this experiment because rats are incapable of vomiting, but it seems unlikely that the

crucial neural pathways for these two responses are isomorphic because vagot0my does not
eliminate motion-induced vomiting in dogs. `'°

These studies of neural structures have not elucidated a single neural mechanism that

mediates motion-induced CTA. However. it has been shown that both vaga[ and vestibular

functions :_.:* contribute essentially to the production of CTA in rats when motion is the US.

Perhaps motion-induced CTA depends on the convergence of vagal and vestibular functions, or

on some unknown neural network which receives inputs from various structures (i.e., vagus

nerve, vestibular system, area postrema, etc.). Also, it is known that the rate oregastric emptying

is affected by vestibular stimulationY that afferent activity in the vagus nerve is influenced by

caloric stimulation, r2 and that tachygastria is associated with prodromal symptoms of motion

sicknessY Whether the neural structures essential to the development of CTA induced by

motion aiso are essential to vomiting induced by motion is unknown at this time,

VI. SUMMARY AND CONCLUSIONS

CTA was proposed as a measure of motion sickness due, in part, to the commonly accepted

concept that visceral sickness is the f'unctional US for drug-induced CTA. In early studies of

CTA induced by drugs, it was shown that this presumed visceral illness is associated uniquety

with gustatory cues'rather than with exteroceptive cues. Several studies have shown that taste

aversion is not formed to exteroceptive stimulation present at the time of exposure to motion.

Thus, gustatory cues are assumed to be associated uniquely with aversive, interoceptive effects

of motion rather than with any of the various exteroceptive effects associated with exposure to
motion.

The use of CTA to measure motion sickness also is supported by studies showing that an

intact vestibular system is essential for the production of CTA when motion is the US. This

finding parallels the well known absence of motion sickness in humans and animals with

defective or damaged labyrinths. In addition, the magnitude of CTA is increased by longer

exposure to motion and by manipulations which increase vestibular stimulation (i.e., by off-

vertical rotation). Thus, certain changes in the parameters of morion that affect the production

of motion-induced vomiting a/so affect the presence or magnitude of motion-induced CTA.

CTA has two t_rinciple advantages over some of the other putative measures of motion

sickness. The magnitude of CTA is assessed at a time removed from exposure to motion, and

therefore is not affected by residual effects of motion (i.e.. by disorientation, disrupdon of

locomotion, etc.). Some of the other indices may be affected by these factors and therefore can

lead to false positive indications of motion sickness. Second, because the magnitude of CTA is

assessed as volume or weight of food or fluid, the degree of sickness is reflected in a continuous
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measure rather than in the discrete, all-or-none fashion characteristic of vomiting. A possible
third advantage might be that CTA provides a very sensitive measure of motion sickness. The

use of CTA to measure subemetic levels of motion sickness is based upon this concept. However.

it should be recognized that this applicatiofi assumes CTA is not only more sensitive than

vomiting, but also that CTA reflects prodromal symptoms progressing toward vomiting as the
endpoint of motion sickness.

As with other measures, there can be complicating faciors and potential disadvantages
involved when CTA is used to assess motion sickness. Conditioned aversion is a learned

response, and therefore is qualitatively different from the universally accepted index of motion

sickness, the emetic reflex. Because CTA is a learned response, various control conditions

commonly used in the study of Ieaming mechanisms may be required in specific applications

of the method. Control conditions for assessing psuedoconditioning and various other artifactual

effects may require significant additional expense and work in an experiment. The importance
of these control conditions is less criticat if CTA is used as a discrete assessment of motion

sickness (present or absent). However. if an experiment requires precise comparison of the

magnitude of CTA produced by different treatments, control conditions become paramount. In

addition, repeated testing of animals as conducted in within subjects designs may be contrain-

dicated by the potential for the magnitude of CTA to be affected by both variation in the novelty
of the CS and exposure to motion or drugs prior to conditioning.

There are three areas where assessments of motion sickness using CTA and other measures

appear to differ. First, neither nausea nor vomiting seem to have an essential, direct relationship
to motion-induced CTA. This reflects negatively on the use of CTA to assess motion sickness

because both vomiting and nausea are principle indices of motion sickness. Second, the

restriction of movement during exposure to motion may not reduce the magnitude of CTA

produced by that motion. This is in contradistinction to the reduction in vomiting that occurs

when the movement of humans and animals is restricted. This point should be considered

cautiously, however, because it is based on a single, prefiminary test: conclusive resolution of

this issue requires more extensive experiments. Third, it appears that CTA and motion sickness

might depend upon different neural structures. The meaning of recent evidence indicating that
motion-induced CTA is prevented in rats by selective gastric vagotomy is unclear at this time.

Previous research has led to the general conception that abdominal innervation plays no essential

role in motion-induced vomiting. This apparent difference in neural mechanisms may arise from

differences between the nervous systems of rats and species possessing a complete emetic reflex.

Alternatively. a demonstration that motion-induced CTA is prevented by selective gastric

vagotomy]n species possessing acomplete emetic reflex might imply that the abdominal vagal

system is involved in some manner, if not essentially, in motion sickness. Although the area

postrema was long thought to be essential for the production of vomiting by motion, we now

know that both CTA and vomiting can be produced by motion after the area postrema has been

completely ablated. Perhaps additional research wilt elucidate neural systems common to, and
different between, motion sickness and CTA,
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Fox, R. A., CORCORAN,M., and BRIZZEE, K. R. 1990. Conditioned taste aversion and motion sickness in cats and squirrel
monkeys. Can. J. Physiol. Pharmacol. 68: 269-278.

The relationship between vomiting and conditioned taste aversion was studied in intact cats and squirrel monkeys and in
cats and squirrel monkeys in which the area postrema was ablated by thermal cautery. In cats conditioned 7-12 months after
ablation of the area postrema, three successive treatments with xylazine failed to produce either vomiting or conditioned taste
aversion to a novel fluid. Intact cats, however, vomited and formed a conditioned aversion. In squirrel monkeys conditioned
6 months after ablation of the area postrema, three treatments with lithium chloride failed to produce conditioned taste aver-
sion. Intact monkeys did condition with these treatments. Neither intact nor ablated monkeys vomited or evidenced other
signs of illness when injected with lithium chloride. When the same ablated cats and monkeys were exposed to a form of
motion that produced vomiting prior tOsurgery, conditioned taste aversion was produced and some animals vomited. These
findings confirm other studies indicating motion can produce vomiting in animals with the area postrema destroyed and
demonstrate that motion-induced conditioned taste aversion can be produced after ablation of the area postrema. The utility
of conditioned taste aversion as a measure of subemetic motion sickness is discussed by examining agreement and disagree-
ment between identifications of motion sickness by conditioned taste aversion and vomiting. It is suggested that a convincing
demonstration of the utility of conditioned taste aversion as a measure of nausea requires the identification of physiological
correlates of nausea, and caution should be exercised when attempting to interpret conditioned taste aversion as a measure
of nausea.

Key words: area postrema, conditioned taste aversion, motion sickness, nausea, emesis.

Fox, R. A., CORCORAN,M., et BRIZZEE, K. R. 1990. Conditioned taste aversion and motion sickness in cats and squirrel
monkeys. Can. J. Physiol. Pharmacol. 68 : 269-278.

On a _tudi6 la relation entre le vomissement et l'aversion gustative conditionn6e chez des chats et des singes 6cureuils intacts
et chez des chats et des singes _cureuils dont l'area postrema avait 6t_ d6truite par thermocaut6risation. Chez les chats condi-
tionn6es 7-12 mois apr_s l'ablation de l'area postrema," trois traitements successifs h la xylanine n'ont pu provoquer de
vomissement ni d'aversion conditionn_e hun nouveau liquide. Les chats intacts, toutefois, ont eu des vomissements et ont
d6velopp_ une aversion gustative conditionn6e. Chez les Singes 6cureuils conditionn_s 6 mois apr_s l'ablation de l'area pos-
trema, trois traitements au chlorure de lithium n'ont pu provoquer d'aversion conditionn_e. Les singes intacts ont d6velopl_
un conditionnement avec ces traitements. Ni les singes ayant subi une ablation ni les singes intacts n'ont eu de vomissement
ou montr6 d'autres signes de maladie apr[s avoir r_u une injection de chlorure de lithium. Lorsque les chats et singes ayant
subi une ablation ont 6t_ expos6s, avant l'ol_ration, h une forme de mouvement provoquant le vomissement, une aversion
gustative conditionn6e a 6t6 observ_e et certains animaux ont eu des vornissements. Ces r_sultats confirment d'autres _tudes
indiquant que le mouvement peut provoquer des vomissements chez les animaux dont l'area postrema a 6t6 d6truite, et d6mon-
trent que l'aversion gustative conditionn_e induite par le mouvement peut t_treproduite apr_s I'ablation de l'area postrema.
On discute de l'utilit6 de l'aversion gustative conditi0nn6e en tant que mesure de real des transports sous-6m6tique, en
examinant les points communs et divergents en ee qui a trait _ l'identification du mal des transports par le biais de l'aversion
gustative conditionn6e et des vomissementS. On sugg_rd qu'une solide d_monstration de l'utilit6 de l'aversion gustative condi-
tionn6e en rant que mesure de la naus6e requiert I'identification de corr61ats physiologiques de la naus6e. L'aversion gustative
conditionn6e en tant que mesure de naus6e dolt &re interpr&6e sous r_serve.

[Traduit par la revue]
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Introduction

The conditioned taste aversion (CTA) procedure was intro-
duced and studied extensively by Garcia (1981) and his col-

_This paper was presented at the symposium Nausea and Vomit-
ing: A Multidisciplinary Perspective, held November 12 and 13,
1988, Ottawa, Ont., Canada, and has undergone the Journal's usual
peer review.

:Portions of these data were reported at the meeting of the Ameri-
can Physiological Society (Experiment 2: Corcoran et al. 1985, Phys-
iologist, 28: 330) and the Society for Neuroscience (Experiment 1:
Elfar et al. 1986, Neurosci. Abstr. 12: 885).

3Author to whom reprint requests should be addressed.
Printed in Canada / Imprim_ au Canada

leagues as a unique example of classical conditioning in
animals. Although the various toxic treatments used to

produce CTA are referred to as unconditioned stimuli (USs),
Garcia and Ervin (1968) proposed that malaise or disruption
of the "mileau interne" was the stimulus that effectively
served as the US to produce conditioning. Thus, they proposed
that the internal consequences of toxic treatments ("illness")
are associated with recently ingested novel food substances
(i.e., with foods ingested contiguously with those internal con-
sequences), in this scheme, the obvious biological utility of
CTA is that it protects animals from repeated exposure to toxic
foods that threaten survival.

Following Garcia's argument and various forms of empiri-
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cal evidence, there has been a persistent acceptance of the con-

cept that illness serves as the proximal US producing CTA.
Many nauseogenic drugs and procedures that produce internal
malaise also produce CTA. For example, food aversions may
be formed in humans during the course of medical regimens,

as in chemotherapy (Bernstein 1985) or alcohol aversion
therapy (Logue 1985), further supporting the concept that ill-
ness serves as the US in the production of CTA.

On the other hand, illness and CTA are not related in a

predictable manner in all instances. Treatment with some
drugs (e.g., amphetamine, scopolamine) can produce CTA
even though the drugs are administered at doses that produce
no other signs of sickness (see Ashe and Nachman, i980, and
Gamzu et al., 1985, for reviews of this issue). In addition, cer-

tain agents known to be toxic, and known to produce illness,
apparently cannot be used to produce CTA (Riley and Tuck
1985). Reconciliation of these inconsistencies between illness
and CTA is difficult because the physiological and neural

events that underlie illness (e.g., the nausea-emesis syn-
drome) have not been precisely specified. Furthermore, objec-
tive measures of illness are limited. Emesis is generally

identified objectively, although exact identification by obser-
vation may be difficult in animals (and not all animals have a
complete emetic reflex). Nausea, however, typically is identi-
fied by self-report, and there are few techniques available for
directly assessing its presence or degree. Plasma vasopressin
is elevated (Rowe et al. 1979) and tachygastria has been

reported during nausea in man (Stem et al. i985), but these
measures are not well documented for animals. Plasma vaso-

pressin is elevated for 3-6 min after vomiting in cats, but its
level before vomiting when nausea is expected has not been
identified because the precise time of vomiting cannot be

anticipated (Fox et al. 1987). We are unaware of documenta-
tion of tachygastria associated with vomiting in animals.

Using the rationale that the neural pathways important to
nausea/vomiting should mediate CTA if illness is the proximal
US for conditioning, two recent articles have investigated the
neural mechanisms important to motion-induced CTA in rats.
Because the area postrema (AP) is crucial to CTA induced by
blood-borne toxins such as lithium chloride (LiCI) (Ritter

et al. 1980) and intravenous copper sulfate (Coil and Norgren
1981) in rats, and the AP also serves as a chemoreceptive site
of action for emetic effects of several drugs, including xyla-
zinc in cats (Borison et al. 1984) and X-irradiation in dogs

(Wang et al. 1958) and the squirrel monkey (Brizzee et al.
1955), the possible role of the AP in motion-induced CTA in
rats has been investigated. Ossenkopp (1983) reported that
motion-induced CTA was enhanced in rats with the AP

ablated. Sutton et al. (1988) did not find direct enhancement
of CTA in AP-ablated rats but did report slower extinction of
motion-induced CTA in rats with the AP ablated. In both

studies, destruction of the chemoreceptive function of AP was
demonstrated by the ineffectuality of drugs (scopolamine
methyl nitrate by Ossenkopp, 1983, and LiCI by Sutton et al.,
1988) for producing CTA in these same ablated rats. Thus,
both of these studies show that motion-induced CTA in the rat

can occur when the AP is destroyed. No objective measures

of illness were reported in either study, however, so any pos-
sible relationship between illness and CTA could not be
assessed directly in these experiments.

Because the relationship between illness and CTA was cru-
cial to our interest in using the CTA paradigm to study motion
sickness, we conducted similar experiments using the cat and

squirrel monkey so that vomiting could provide an objective
measure of illness. By studying CTA in species with a com-

plete emetic reflex, we hoped to make a more direct investiga-
tion of the relationship between illness and CTA. In addition,
we ablated the AP in both species to investigate further the role
of this structure in motion-induced CTA and vomiting.

General methods

Subjects
Twenty-three adult male squirrel monkeys and 26 adult female cats

were selected from the pool of animals used in motion sickness
research. All animals were housed either in individual cages or in
runs at the Ames Research Center Animal Care Facility on a 14-h

light - 10-h dark cycle (monkey) or an 8.5-h light - 15.5-h dark
cycle (cat). For 4 h (monkey) or 22 h (cat) prior to each conditioning
session, the animals were deprived of food and water.

Surgical procedures
Bilateral ablation of the AP was carded out in 7 adult monkeys and

10 adult cats. Aseptic precautions were employed in all surgical pro-
cedures. The trachea was intubated with a plastic tracheal tube
(2.5 mm for monkeys and 3.5 mm for cats) and pulmonary ventila-
tion was supported artificially. Halothane inhalation anesthesia was
used. The neck was extended and strongly ventroflexed by the use of
a head holder to give good access to the foramen magnum. The
occipital bone and first cervical vertebra were exposed by lateral
retraction of the nuchal muscles. An opening was made in the lower
portion of the occipital bone to expose the cerebellar area and lower
medulla. A midline sagittal incision was made in the dura mater and
cerebellomedullary pia-arachnoid. The cerebellum was then gently
displaced upward by means of a small paraffin-coated spatula. The
medullary velum was also incised and the floor of the fourth ventricle
was exposed to direct vision.

During the AP ablation operation, the operative field was kept dry
and free of CSF by continuous aspiration rostral to the operative area.
The AP was ablated by free-hand thermocoagulation with the aid of
an operating microscope at 6x magnification. The cautery tip, a
42-gauge stainless steel wire loop inserted into a pen-type handle,
was energized with three AAA batteries operated by a foot switch to
a level below red heat. Because three different neurosurgeons indi-

cated during consultation that the dura heals and closes a surgical
opening very rapidly without being sutured, the dura was not sutured
following the ablation. Rather, the edges of the sagittally incised pia-
aracbnoid and dura mater were brought into approximation and the
neck muscles were sutured together over the dura, thus holding it in
place. The skin was then closed by interrupted sutures with 3-0 silk.

During recovery, animals were treated during the 1st week with
analgesics as deemed necessary by the attending veterinarian. For
variable periods after surgery_ animals showed a sharp decrease in
voluntary movement, and initially both cats and monkeys typically
refused food. Normal feeding and activity returned after 10-15
days. After recovery, the lesioned animals could not be distinguished
from intact animals.

Conditioning was conducted 6 months (monkeys) and 7-12
months (cats) following surgery. These lesioned animals were used
in other studies of motion sickness before and after the CTA experi-
ments were conducted.

Histological procedure
Following completion of this and the other experiments, the

animals were deeply anesthetized with sodium pentobarbital and per-
fused transcardially with saline, followed by a solution of Formalin
(and acetic acid and methanol for monkeys). Blocks of tissue were
stored in Formalin for 2-3 weeks before being prepared for light
microscopy. Brainstems were embedded in paraffin and 10-/_m serial
coronal sections were cut at the level of the AP. Sections were
mounted on microscope slides, stained with hematoxylin and eosin,
and evaluated for completeness of AP ablations and for any damage
to adjacent structures. Monkeys were perfused 1 year after ablation



oftheAP,andcatswereperfused8- 12monthsafterablationof
theAP.

Conditioning procedures
Conditioned taste aversion was studied using a "one-bottle" condi-

tioning paradigm. A 30-min drinking peri_ in. Which animals had
access to a novel fluid (the CS) was immedi_itely followed by the
experimental treatment (injection of a drug Or exposure to motion) or
a control treatment (injection of saline). Conditioning sessions
occurred every 3 days.

Conditioning was accomplished in two phases, with different treat-
ments used as the US in the first and second phase. All animals had
three conditioning sessions in phase I (days 1, 4, and 7). On day 10,
animals being conditioned only in phase I (i.e., conditioned with only
one US) had the 30-min drinking period only, while animals being
conditioned in both phases were exposed to the second treatment
immediately after the drinking period on day 10. For those monkeys
conditioned in phase II, two more conditioning sessions occurred (on
days 13 and 16) followed by an additional drinking session on a final
day (day 19) to assess the effects of the sixth conditioning session.
For those cats conditioned in phase II, one more conditioning session
occurred (on day 13) followed by a final drinking session (day 16).

Animals were observed continuously for 1 h after injections to
determine whether vomiting occurred. In the event vomiting had not
occurred within the Ist h after injection, periodic checks of the cage
were conducted at intervals of approximately 10 min for evidence of
vomitus. Similarly, periodic checks of the cage of each animal were
conducted at 10-min intervals for 1 h after motion was terminated.
The animals typically appeared relaxed and normal as evidenced by
voluntary locomotion by the end of this observation period.

Experiment 1: Monkeys
Method

Yellow, sweet, almond-flavored water (50 g sucrose, 0.2 mL
food color, and 1.5 mL almond flavor in 1.0 L of water) was
used as the CS. During each conditioning session, the CS was
available in standard drinking boules mounted on the side of

a ventilated, clear Plexiglas cage of the same size as the cage
used for rotation as described below. Animals were trans-

ferred to these cages 10 min before the beginning of the
30-min drinking period to permit acclimation to the test room.

The amount of fluid consumed in each drinking period was
determined by weighing drinking bottles, and the latencies of
retches and vomits during treatments were recorded. Monkeys
were observed for 30 min after treatments to determine

whether vomiting occurred. No animal vomited during th_
observation period, and no evidence of vomiting was detected
in periodic checks over the following hour.-

Monkeys were assigned to four groups defined by the treat-
ments used as USs in conditioning sessions as follows.

Group 1" Conditioned with motion in phase I only (n = 5).
These animals were individually exposed to counterclockwise
rotation about the vertical axis for 30 min at 150°/s in a venti-

lated, clear Plexiglas cage (52 × 23 x 30 cm) within 5 min
after removal of the CS at the end of the drinking period.

Group 2: Conditioned with LiCI in phase i only (n = 6).
These animals were injected intraperitoneally with 0.3 M LiC1
(5 mL/kg) Within 5 min after removal Of thee CS. - .....

Group 3: Conditioned with saline in phase I-followed by
motion in phase II (n = 5). In phase I, animals were injected
intraperitoneally with 0.9% NaCI (5 mL/kg) within 5 min

after removal of the CS. In phase II (beginning on day 10), the
animals were exposed to rotation as described for group 1.

Group 4: AP-lesioned animals conditioned with LiCI in

phase I followed by motion in phase II (n = 7). In phase I,
animals were injected with LiC1 as described for group 2

FOX ET AL, 271

above. In phase 1I, these animals were exposed to rotation (as
described for group 3).

Results

Histology of AP. ablations

Sections through the caudal medulla of the AP of an unoper-
ated control (right column) and a lesioned monkey (left column)
are shown in Fig. 1 to illustrate the general extent of the
lesions. The AP was destroyed in all animals and limited
damage occurred to peripostremal structures with varying
amounts of damage occurring in different animals. The tractus
solitarius was intact in all animals.

Phase I conditioning

All of the rotated monkeys vomited during each of the con-
ditioning sessions, but no monkey vomited after injection with
LiC1 or NaC1. For the rotated monkeys, the latencies to vomit-
ing ranged from 1 to 8 min. The average consumption of the
CS for the four groups of monkeys is shown in Fig. 2. In the
first conditioning session, the CS was consumed before

exposure to the US; thus, consumption of the CS in this period
serves as a baseline for intake before any conditioning
occurred.

Overall, analyses of effects of the treatment variables on

consumption of the CS were assessed by computing a 4
(groups) x 4 (sessions) mixed unweighted means analysis of
variance (Arrow,) with repeated measures on the sessions

variable. There was no reliable effect for groups (F(3,19) =
1.49, p > 0.25), but there were reliable effects for sessions
(F(3,57) = 20.98, p < 0.001) and for the interaction of ses-
sions with groups (F(9,57) = 5.57, p < 0.001).

The simple effects of the groups × sessions interaction were
computed to analyze these effects further. The simple effects
of groups in the first session reflected there was no reliable

difference in fluid consumption by the four groups prior to
conditioning (F(3,19) = 2.29, p > 0.11). The simple effects
for each group across the four sessions were computed to clar-
ify interpretation of the sessions x groups interaction. Con-
sumption decreased dramatically for intact animals rotated

(p < 0.001) or injected with LiCt (p < 0.001) reflecting the
formation of CTA. However, there was no change in con-
sumption across conditioning sessions for intact animals

injected with saline (p > 0.78) or AP-lesioned animals
injected with LiCI (p > 0.61).

_ These findings indicate that LiC! is an effective US for pro-
ducing CTA in the squirrel monkey as it is in numerous other
species. However, CTA was formed even though no monkey
vomited after treatment with this US, confirming that emesis
is not necessary for the production of CTA in the monkey. The
failure to produce CTA with LiCI in monkeys with AP ablated
implies that the AP serves as a chemoreceptive site of action
for systemically injected LiCI in the squirrel monkey as it does
in rats (Rabin et al. 1983; Ritter et ai. 1980; Sutton et al.
1988).

Phase H conditioning
Intact animals injected with saline and AP-lesioned animals

injected with LiC1 in phase I were both conditioned with

motion serving as the US in phase II. Neither of these groups
of animals formed CTA in phase I. Of the five intact monkeys
previously injected with saline, all but one (which failed to
vomit during any of these tests) vomited during each exposure
to rotation (latencies to vomit ranged from 4 to 22 rain). Three
of the seven AP-lesioned monkeys never vomited during con-
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FIG. 1 Sections at three levels of the caudal medulla of squirrel monkeys. Photographs in the right colum are for an unoperated control

monkey, while those in the left column illustrate the extent of damage in a lesioned monkey.
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FIG. 2. Average consumption of flavored fluid (CS) by the four
groups of monkeys during the first phase of conditioning. Consump-

tion of fluid in conditioning session 1 serves as a baseline measure
because fluid was consumed prior to the first treatment with the US.
The formation of CTA in intact animals conditioned either with

motion or with LiCI is reflected in the progressive decrease in fluid
intake in sessions 2 through 4.

ditioning sessions with rotation as the US, and three vomited

during at least two of the conditioning sessions (latencies

ranged from 6 to 30 min).

The effects of conditioning with motion in phase II are

shown in Fig. 3. The consumption reported for session 4 is the

same data shown for session 4 in Fig. 2. These data comprise

the appropriate comparison to evaluate conditioning with

motion (reflected in sessions 5, 6, and 7) because they reflect

the average consumption immediately before motion was used
as the US.

Overall analyses of effects of motion on consumption of the

CS were assessed by computing a 2 (groups) x 4 (sessions)

mixed ANOVA with repeated measures on the sessions variable.

This analysis revealed a reliable effect for sessions (F(3,30) --

3.05, p < 0.05) indicating CTA was formed, but there was

no difference between the two groups (F(1,10) = 1.26, p >

0.29) nor was there a reliable groups x sessions interaction

(F < 1). Thus, although motion serves as an effective US for

conditioning in phase II, the magnitude and rate of formation

of the aversion are less than seen with the intact animals in

phase I. This apparent reduction in the effectiveness in produc-

ing conditioning may be due to repeated exposure tO the CS

in phase I (Braveman 1975; McLaurin et al. !963).

These same AP-ablated animals, as a group, failed to form

CTA in phase I when LiC1 was used as the US indicating the

chemoreceptive function of the AP was eliminated by the abla-

tions. Because animals with AP ablated apparently form

motion-induced CTA in a manner similar to intact animals, it

is implied that the AP plays no crucial role in the formation

of motion-induced CTA in the squirrel monkey.

Experiment 2: Cats

Method

Chocolate-flavored milk was used as the CS. During each
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FIG. 3. Average consumption of flavored fluid (CS) by the two

groups of monkeys transferred to the second phase of conditioning.

Consumption of fluid in conditioning session 4 is reproduced from

Fig. 2 and serves as a reference measure for conditioning with motion

as the US in phase II. The formation of CTA in intact and lesioned

animals conditioned with motion is reflected in the progressive

decrease in fluid intake in sessions 5 through 7.

conditioning session, approximately 100 mL of the CS was

available in Petri dishes placed on the floor of a ventilated,

clear Plexiglas cage (52 x 23 x 30 cm). Animals were trans-

ferred to these cages 10 min before the beginning of the

30-rain drinking period to permit acclimation to the test room.

The amount of fluid consumed in each drinking period was

determined by weighing the Petri dishes, and latencies to

retches and vomits were noted.

Cats were assigned to three groups defined by the treatments

used as USs in conditioning sessions as follows.

Group 1: Conditioned with xylazine in phase I only (n = 8).

These animals were injected subcutaneously (s.c.) with

0.66 mg/kg xylazine within 5 min after removal of the CS.

Group 2: Conditioned with saline in phase I followed by

xylazine in phase II (n = 8). In phase I, the animals were

injected subcutaneously with saline (volume equivalent to that

for xylazine as in group 1). In phase II (on days 10 and 13)

they were injected with 0.66 mg/kg xylazine s.c. as described

for group 1 in phase I.

Group 3: AP-lesioned animals conditioned with xylazine .in

phase I and with motion in phase II (n = 10 and n = 8, respec-

tively). In phase I, lesioned cats were injected with 0.66 mg/kg

xylazine s.c. In phase II (days 10 and 13), eight of the animals

(those that did not condition in phase I) were placed in a ven-

tilated Plexiglas cage (50 x 18 x 21 cm) and exposed to

sinusoidal vertical linear acceleration (0.6 Hz with either a

30.5 or 61.0 cm excursion) for 60 or 5 min after the first

retch/vomit occurred.

Cats were observed continuously for 1 h after injection with

xylazine to determine whether vomiting occurred. In the event

vomiting had not occurred within the 1st h after injection,

periodic checks of the cage were conducted at intervals of

approximately 10 min for evidence of vomitus. Similarly,

periodic checks of the cage of each animal were made after
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F_G. 4. Sections at three levels of the caudal medulla of cats. Photographs in the right column are for an unoperated control cat, while those
in the left column illustrate the extent of damage in a lesioned animal.

motion was terminated. The animals typically appea(ed
relaxed and normal as evidenced by voluntary locomotion by

the end of the observation period.

Results

Histology of AP ablations
Sections through the caudal medulla of the AP of an unoper-

ated control (right column) and a lesioned cat (left column) are
shown in Fig. 4. As with the monkeys, the AP was destroyed
in all animals and varying limited damage occurred to peripos-
tremal structures in some animals. The tractus solitarius was
intact in all animals.

Phase I conditioning
Each of the intact cats injected with xylazine vomited in at

least one of the conditioning sessions. One cat vomited in one
test, three vomited in two sessions, :and four vomited in all ses-

sions (latencies to first vomit ranged from 4 to 9 min). None
of the AP-lesioned cats vomited when injected with xylazine,
and none of the intact cats injected with saline vomited.

The average consumption of chocolate milk by the three
groups of cats is shown in Fig. 5. Overall, analyses of effects

were assessed by computing a 3 (groups) x 4 (sessions) mixed
unweighted means ANOVA with repeated measures on the
sessions variable. Reliable effects were indicated for groups
(F(2,22) = 8.42,p < 0.00!), sessions (F(3,66) = 4.03, p <
0.01), and the interaction of groups × sessions (F(6,66) =
10.12, p < 0.001). Analysis of the simple effects of groups
in session 1 reflected there was no reliable difference in the

consumption of the CS prior to conditioning (F(2,22) = 1.52,

p > 0.24).
Further analysis of the groups × sessions interaction was

conducted by computing the simple effects of sessions for each
of the groups. Consumption of the CS decreased across condi-
tioning sessions for intact cats when xylazine was the US
(p < 0.001). However, there was no change in consumption
of the US across sessions when xylazine was the US for
lesioned cats (p > 0.58) or when intact cats were injected
with NaCl (p > 0.12). Thus, the groups × sessions inter-
action results from the failure of conditioning in intact animals
injected with saline and AP-lesioned animals injected with
xylazine, contrasted with the dramatic conditioning in intact
animals injected with xylazine.
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FIG. 5. Average consumption of chocolate milk (CS) by the three
groups of cats during the first phase of conditioning. Consumption of
fluid in conditioning session i serves as a baseline measure because
milk was consumed prior to the first treatment with the US. The
formation of CTA in intact animals conditioned with xylazine is
reflected in the progressive decrease in the intake of milk in sessions
2 through 4.
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FIG. 6. Average consumption of chocolate milk (CS) by the two
groups of cats transferred to the second phase of conditioning. Con-
sumption of milk in conditioning session 4 is reproduced from Fig. 5
and serves as a reference measure for conditioning with the two USs
in phase II. The formation of CTA in intact and lesioned animals is
reflected in the progressive decrease in fluid intake in sessions 5
through 7.

Phase H conditioning
All of the intact animals injected with saline in phase I (none

vomited) and the eight AP-lesioned animals that did not form
aversions when injected with xylazine in phase I were condi-
tioned in phase II. Intact animals were injected with xylazine
in phase II and lesioned animals were exposed to motion.
Seven of the eight intact cats vomited on both conditioning ses-

sions when injected with xylazine, while the remaining cat
vomited only following the first injection with xylazine (vomit
latencies ranged from 2 to 9 min). Of the eight cats with AP
lesions, four failed to vomit during either of the tests when
exposed to motion, three vomited during one of the two tests,
and one cat vomited during both tests (latencies ranged
between 3 and 4 min).

The effects of conditioning with these USs are shown in
Fig. 6. The consumption reported for the intact animals in ses-
sion 4 in this figure are the same data shown for this day in
Fig. 5. The data shown in session 4 for lesioned animals report
the average for the 8 cats transferred to phase II rather than
the 10 cats conditioned in phase I.

A 2 (groups) x 3 (sessions) mixed ^NOVA with repeated
measures on the sessions variable was used for an overall

analysis. Reliable effects were reflected for sessions (F(2,28) =
21.87, p < 0.001), indicating aversion was produced, and for

groups (F(1,14) = 8.75, p < 0.01), indicating stronger aver-
sion in cats injected with xylazine. The interaction of groups ×
sessions was not reliable (F(2,28) = 2.42, p > 0.11). The
simple effects of sessions were computed to analyze the main
effect for groups further. There was no difference in the con-
sumption of the groups on day 4 (p > 0.35), but consumption
by intact cats injected with xylazine was less than consumption
by lesioned cats rotated on both day 5 (p < 0.02) and day 6

(p < 0.007). Thus, the stronger aversion for the cats injected
with xylazine was present on the first conditioning trial.

Little difference is apparent in the magnitude of xylazine-
induced aversions in intact animals conditioned in phases I and
II. Thus, no CS preconditioning exposure effect occurred
when multiple injections of xylazine served as the US for cats.
No appropriate control group was included to evaluate a
potential CS preconditioning exposure effect when motion was
used as the US with cats. It is apparent, however, that elimina-
tion of the chemoreceptive function of the AP in cats as evi-
denced by failure of xylazine to produce CTA in phase I did
not prevent the production of motion-induced CTA. Thus, as
in squirrel monkeys, integrity of the AP is not necessary for
the production of either vomiting or CTA in cats.

Discussion

The results of this study confirm a chemoreceptive function
of AP for xylazine-induced vomiting in cats (Colby et at.
1981). In addition, a chemoreceptive function for the AP in
the production of pharmacologically induced CTA is indicated
for both monkeys and cats. After ablation of the AP, xylazine

was not an effective US for inducing CTA in 8 of the 10 cats
tested. The occurrence of CTA in two of the AP-abIated cats

indicates a disassociation of CTA from vomiting, because
neither of these cats vomited in response to the xylazine injec-
tions, which served as the US to produce CTA. In squirrel
monkeys, CTA was not produced by injections of LiCI after
the AP was destroyed. Thus, the well-documented role of AP
in lithium-induced CTA in the rat (Rabin et al. 1983; Ritter
et al. 1980; Sutton et al. 1988) is extended to the squirrel
monkey.
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TABLE l. Possible outcomes when two criterion measures of illness are compared. In this
example, criterion measure 1 is vomiting and criterion measure 2 is conditioned taste
aversion (CTA). "Decision" labels in the table indicate the validity of measurement

based on criterion measure 2 alone

Criterion measure 1
(vomiting)

Criterion measure 2 (CTA)

Present (+) Absent (-)

Present (+)

Absent (-)

Both measures +

Decision: correct detection
("hit")

Measure 1 -
Measure 2 +
Decision: false detection

("false alarm")

Measure 1 +
Measure 2 -
Decision: false rejection

("miss")
Both measures -

Decision: correct rejection

Motion-induced vomiting was produced in both squirrel
monkeys and cats after ablation of the AP confirming previous
reports by Wilpizeski et al. (1986) for the squirrel monkey and
Borison and Borison (1986) for the cat. The production of
motion-induced CTA in AP-ablated cats and squirrel monkeys

shown not to condition with pharmacological agents function-
ing via the AP demonstrates that this form of CTA can occur
in the absenceofthe chemoreceptive function of the AP. Thus,
it appears that neither vomiting nor CTA induced by motion
depend on a humoral factor operating via a system requiring
an intact AP (Crampton and Daunton 1983; Contrucci and

Wilpizeski 1985).
Because CTA and vomiting can be elicited in cats and squir-

rel monkeys following elimination of the chemoreceptive
function of AP for pharmacological agents, it appears that
m0ii0nlinduced vomiting and CTA can occur independently of
the chemoreceptive function of the AP. Both responses can be
produced by two (or more) systems, but it is not clear from
our present knowledge whether they are produced by the same
system. It has been suggested from a review of pharmacologi-
cal studies that vomiting may be a sufficient but not a neces-
sary condition for the production of CTA (Garnzu et al. 1985).
However, it has been shown that CTA may not occur in some

squirrel monkeys when rotation is terminated immediately
after vomiting occurs (Wilpizeski and Lowry 1987; Wilpizeski

et al. 1987, Figure 4B). Thus, vomiting is not a sufficient con-
dition for the development of CTA in the squirrel monkey.

Disassociation of vomiting from CTA has been interpreted
to indicate that nausea is the putative US producing CTA. Roy
and Brizzee 0979) proposed using CTA to assess subemetic
symptoms of motion sickness in the squirrel monkey. Wil-

pizeski and Lowry (1987) proposed that nausea and vomiting
are independent processes, and they developed a two-factor
theory of motion sickness in squirrel monkeys where CTA is
used to assess the presence of nausea. They assume that
(i) nausea produces CTA and (ii) vomiting is not a sufficient
condition for producing CTA. If nausea and vomiting are
independent, then animals can theoretically be categorized into
one of the following four possible combinations: (i) nauseous
and vomiting, (ii) nauseous without vomiting, (iii) vomiting
without nausea, and (iv,) not nauseous and not vomiting.

Riley and Tuck (1985) have addressed the interpretation of
studies using CTA to assess drug toxicity by using the signal
detection framework. To do this, individual instances of the

presence or absence of illness assessed by two independent

measures (i.e., CTA and vomiting) are categorized into a 2 x

2 contingency table (see Table 1). When results of these
measures agree, each case is scored as either a "hit" (correct
identification) or a "correct rejection." When results of these
measures disagree, each case is scored as either a "false
alarm" (false detection) or a "miss" (false rejection).

According to this contingency table analysis, the possible
combinations of nausea and vomiting are categorized as hit
(nauseous and vomiting), false alarm (nauseous without
vomiting), miss (vomiting without nausea), and correct rejec-
tion (not nauseous and not vomiting).

To apply this analysis to these data, animals were cate-
gorized based on their CTA/vomiting responses. Contingency
table percentages were computed on data from these experi-
ments using all of the AP-lesioned animals. CTA was scored
as having been produced when consumption of fluid on the test
day was < 75 % of consumption on the initial (baseline) day.
Percentages of animals in a category were computed for the
first and last conditioning sessions to evaluate whether the
ratio of animals in each category changed as more condition-
ing sessions were used. Percentages computed from combined
data in phases I and II (n = 32) are shown in Table 2. The
increase in hit rate and decrease in miss rate from the first to

the last conditioning test reflects the greater agreement of the
two measures for predicting motion sickness as more condi-

tioning tests are used. If nausea is estimated as the percentage
of animals in the false alarm and hit categories, it increases
from 34 to 50% by the final assessment. Notice, however, that
the percentage of cases reflected by false alarms (animals
assumed to be nauseated only) is invariant.

Percentages based on data for phase I and phase II separately
are shown in Table 3. Hits and misses could not occur in the

analysis for phase I because no animal vomited when injected
with drugs. Some animals vomited in phase II when exposed
to motion, so all possibilities can occur when phase II data are
categorized. The false alarm rate is again invariant from the
first to the last conditioning test in data for both phases. How-
ever, when the US elicited vomiting on some tests in phase II,
the miss rate decreased from the first to the last conditioning

test accompanied by an increase in the hit rate, again indicat-
ing improved agreement between the measures.

Interpretation of the sum of hits and false alarms as an
accurate measure of nausea is based on the assumption that

nausea is reliably and accurately reflected by CTA. This may
be so, but skepticism has been proposed (Gamzu et al. 1985),
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TABLE 2. Percentages of animals in the

four possible categories defined by agree-

ments and disagreements when the results

of CTA and vomiting are used to identify
motion s_ckness. Percentages computed on

combined data (n = 32) from the two con-

ditioning phases .... i__
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Conditioning test

Category First Last

Miss 23 3

False alarm 27 27

Correct rejection 43 47
Hit 7 23

TABLE 3. Percentages of animals in the

four possible categories defined by agree-

ments and disagreements when the results

of CTA and vomiting are used to identify

motion sickness. Percentages for the two

conditioning phases are computed separately

Conditioning test

Category First Last

Phase I (n = 17)

Miss 0 0

False alarm 35 35

Correct rejection 65 65
Hit 0 0

Phase II (n = 15)

Miss 47 7

False alarm 20 20

Correct rejection 20 27
Hit 13 47

and it remains to be tested directly. The apparently invariate

rate of false alarms may indicate one way to perform such a

test. If animals that are nauseous only are in fact identified as

cases of false alarms, then those animals would form an appro-

priate subgroup for testing the correlation of CTA with an

independent measure of nausea. No reliable measure of nausea

for conducting such an analysis has been demonstrated.

Tachygastria may be one candidate for such an analysis.

Because tachygastria appears to precede nausea in humans, a

perfect correlation between the production of motion-induced

CTA in animals identified as nauseous (i.e., false alarm cases)

and tachygastria in those same animals would imply nausea is

the putative US for CTA. Another possible measure is the dis-

ruption of electrical control activity cycling associated with

retrograde contractions of the gut, which has been shown to

be associated with vomiting in dogs (Lang et al. 1986). If

either of these measures should prove to be appropriate, how-

ever, it may prove to be more useful than CTA for assessing

nausea.
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SUMMARY

The advantage.s,and possiblebenefitsof a valid,reliableanimal model for nausea are
discussed, and difficulties inherent to the development of a model are considered. A principle

problem for developing models arises because naUSeaiS a subjective sensation that can be
identified only in humans. Several putative measures of nausea in animals are considered,
with more detailed consideration directed to variation in cardiac rate, levels of vasopressin,
and conditioned taste aversion. Demonstration that putative measures are associated with

reported nausea in humans is proposed as a requirement for validating measures to be used in
animal models. The necessity for a "real-time" measure of nausea is proposed as an important

factor for furore researchi and the need for improved understanding of the neuroanatomy

underlying the emetic syndrome is discussed.

Les modules animaux darts I'¢tude de la nausea: etat de la question

R_sum_: Las avantages et benefices t)ossibtes d'un mode/e animal clans I'etude de la
nausde sont discutes; /es difficuttes inherentes a-u d_velo_t)ement de ce module $ont
aborddes. Un prot_leme oe _rincl_e Dour d¢velopt_ef de tels modules [animaux) reside
dans le fair clue la nausea est une sensation subjective oui ne _eut _tre identifi_e clue
chez l'homme. Plusieufs indices pouvant _ermettre de detecter/a nausde chez /'animal
3ont _resentes, en: in$istant _lus _atticuti#rement $ur lea variations du rythme
cardiaoue, le raux sdnaue de vaso_ressine St le com_ortement de :dvulsion alimenta#e
conditionne. La demonstration oue ces ind:ces Sonr aussi associ_s _ une nausea
av4r_.e chez l'homme est prot_osee comnme une condition de validation de ces indices
char I'an,TnaL La necessite d'oblective: la nausea en temps reel est pro_os_e comme
un facteur important _our les futures recherches. Le besom d'une meilleure
connaissance neuroanatom,oue aes_circuits cluiSOus-tendent le syndrome emetique est
discut¢.

INTRODUCTION

Nausea generally is nm life threatening, but it can have significant negative impact in clinical

procedures (Wetchler, 1991) and chronic nausea may lead to a marked reduction in the quality
of life (Stewart, 1991). Patients with predispositionto prolonged gasa'ic emptying or those
undergoing taparoscopy are at high risk for nausea and intractable Vomiting when anesthesia
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or sedation _'e required (Kapur, 1991). Nausea and vomiting also are severe side effects of

chemotherapy and con_bute importantly to noncompliance with _eatment regimens,
particularly in adolescents (7__]ter era/., 1991). In addition, anticipatory nausea is a

significant problem with up to one fourth of pecliatric patients undergoing chemotherapy
(Dolgineral.,1985).

A valid animal model of nausea would contribute importantly to the study of the neural and

physiological systems involved in this state. Miller and Kucha.rezyk (1991) noted that the

lack of such a model has hampered investigation of both the etiology of nausea and the

relationship of nausea to vomiting. Development and verification of an animal model of
nausea is difficult, however, for both practical and theoretical reasons. Practical difficulties

arise ber..ause there is no aerated physiological method for identifying the subjective state of

nausea in animals, or for that matter in humans. Self-repon.s of nausea are accepted in

humans, but there are no reliable, direct measures of either the presence or degree of this
state. Several putative measures of nausea have been suggested, but as is discussed below.

none has been convincingly demonstrated as reliable, workable, and valid. This absence of

direct measures of nausea creates a significant problem for the validation of animal models.

Development of animal models is complicated further by the fact that species differences in

this response are unknown. Vomiting, the culminating event of the emetic syndrome, can be

identified directly and is widespread in the animal kingdom. However, the wide varlet/ of
stimuli that elicit, or fail to elicit vomiting in various animals (Corcora.n, Fox, & Daunton,

1990; Daunton, 1990; King, 1990) might imply that variations are to be expected _n

nauseogenic responses as well. The observation of vomiting may not necessarily indicate that
nausea is, or has been, present. Nausea and emesis are not inextricably linked in h-,mans

(Harm, 1990) and there is no a priori reason to beAieve that they would be linked in a possible
animal model.

Current theoretical interpretations of the neurophysiological mechanisms of vomiting indicate

another problem for the development of models. The u-aditionalconcept that ¢ffector
activation of vomiting is coordinated by a localized group of neurons, or vomiting "center"

(Bonson & Wang, 1949) is now questioned (Miller & Wilson, 1983a). Current interpretations

of possible mechanisms for the nausea-emetic syndrome propose that this state may be
mediated via multiple pathways (Miller & Wilson, 1983b) rather than a single emedc center.
Such schemes may involve predominant pathways for a given emetic stimulus or species

(Harding, I990) or a hierarchical cascade of effector systems that may vary for different

animals (Lawes, 199t). Evolutionary. development of multiple pathways provides diverse

opportunities for variation in the mechanisms of nausea and vomiting among species.

DETECTION OF NAUSEA WITH INDIRECT MEASURES

Following the suggestion of Borison and Wang (1953). indir_t mm.sures for nausea have been

chosen to reflect autonomic res_nses thought to accompany t/,.is state. Several responses have

been used as prodromat signs of nausea.Applications of this approach range from the

development of formal rating scales to the reporting of individual responses thought to be

prodromal symptoms of sickness. Demonstration that a putadve measure is assoeiatecl with
reported nausea in humans is crucial to the validation of measures to be used in animal

Rating scales are based on the concept that various autonomic responses (e.g., increased
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salivation, disruptions of cardiac rhythm, defecation) that often precede vomidng are
a_soc;,atedwith nausea. An implicit assumption of this approach is that autonomic signs of
sicknessreflect an underlying serial process progressing from mild disturbance through nausea
toward frank vomiting. Formal radng scales were developed for human studies of modon

sickness (Graybiel, Wood,Miller, & Cramer, 1968) so that mmulation could be terminated

prior to frank vomiting, and to provide a gradedmeasure of sickness. A scale of one form
or another, and self-reported nausea, are used in virtually all sn_dies of motion sickness in

man. Analogous scales have been developed to assess the development of motion sictmess in

cats (Suri, Crampton, & Daumon, 1979), squirrel monkeys (Igarashi er _., 1983) and

chimpanz_s (M_k, Graybiel, Beischer, & Riopelle, 1962). Several observations indicating
that the i.nd.ividual responses comprising rating scales fail to reflect a seria[, unitary emetic

mechanism in motion sickness are reviewed by Daumon (1990). This lack of evidence of a
serial mectta.nism in motion sickness raises serious concerns regarding the use of rating scales

to assess the development of sickness (i.e., nausea) in animal models.

A wide variety of individual responses have been used to assess sickness in animals. Some of

these ate included in typical rating scales, while others ate not. A partial summary of the

responses used with various species is outlined in Table t. Several of these responses (e.g.,
reduced activity or food intake, defecation, pica) are observed in humans during activation of

the emeuc syndrome and were adopted as measures to be used with species that do not possess

a ¢omptete emetic reflex. The use of such species (e.g., the rat) is motivated, in pan, by the

utility of these standard laboratory animals for physioiogical investigations. Although the use
of these species to assess emetic mecl_anisms is questionable, these measures con_ue to
receive consideration as multiple, or supplemental indices of sickness (Ossenkopp &

Osse_opp, 198.5).

Table I. Several putative measures of sickness (nausea) and the species that have

b_n tested with each measure.

Arginine Vasopressin (AVP)

Burrowing and Backing

Cardiac Rhythm
Conditioned Taste Aversion (C'TA)

Defecation

Gasmc R.hythms
Pica

Reduced Activity

Reduced Intake of Food or Water

Sk.in Color Changes

$pECIF-_

human, monkey, cat, rat

ferret

_ _human, squirrel monkey

human, squirrel monkey, cat

rat, guinea pig, mouse

cat, ferret, rat

human, dog

human, rat

ferret, rat

buman, rat

: _'_urnan, squirrel monkey

POSSIBLE MARKERS FOR NAUSEA

Some measures have been adopted specifically to assess nausea. _ of thes_ ate discus.red

in the following sections.
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Cardiac Rhythm

A relationship between cardiac irregularity and the emetic reflex has long been suspected

(Crinenden & Ivy, 1933). Ishii et al. (1987) used beat-to-beat variation in cardiac rhythm to

assess autonomic nervous system effects related to "moron sickness" induced by vestibulo-
visual conflict in squirrel monkeys. Monkeys were secured in a primate chair to avoid

movement artifacts. Variation in beat-to-beat intervals increased immediately prior to

vomiting, perhaps reflecting nausea. Two effects indicate these changes could arise from

altered parasympathetic activity: injections of atropine reduced variations in animaIs in control
conditions and counteracted increased variation in animals subjected to vestibulo-visual

coruqict. Demonstration of a relationship between these changes and other possible indic-s of
nausea (i.e., s= changes in AVP discussed below) should be considered to investigate these

effects further. Cardiac arrhythmia can be processed in real time roy computer analysis, and

thus could provide a direct, "on-line" measure of parasympathetic activity in conditions when

effects from other factors such as stress or blood pressure ran be controlled or eliminated.

Release of Vasopressin

The level of systemic vasopressin (AVP) has been investigated as a possible objective marker

for nausea or activation of emetic pathways. AVP is elevated during nausea and after ....

vomiting in man (e.g., Koch et al., 1990; Miaskiewicz, Swiker, & Verbalis, 1989; Rowe et

a/., 1979), and after vomiting in cats (Fox et a/., 1987) and monkeys (Verbalis, Richardson,

& Striker, 1987). However, most examinations of the relationship between nausea and AVP

have been correlational in nature, and there is no def'mitiVe explanation of the physiological
events underlying it. AVP is excitatory to neurons of the chemorecepdve trigger zone

(Carpenter, Briggs & Swominger, 1984), but an emetic effect of AVP is not well documented.

Infusion of AVP has produced emesis in humans (Thomford & Sirinek, 1975), but infusion

also has failed to produce emesis in man ('Williams et aL, 1986) and in cats (Fox, unpublished

data). Explanation of any cause and effect relationship between nausea and elevated levels of
AVP is cruciat to the use of A_CP as a-marker for nausea in an a.nJmal model.

Two recent studies have addressed _the reiii{ibnsh]p_between nausea and AVP. Koch et a[.

(1990) induced malaise using illusory self-motion. Koch (1991) notes that both reported nausea

and the release of AVP in this study are related to gastric arrhythmia, and proposes that either

of two possible sequences, arrbythmia -- > nausea -- > AVP release or arrhythmia -- >

AVP release ---> nausea, are possible. Miaskiewicz et at. (1989) stimulated nausea and

vomiting in humans by injection of cholecystokinin octapeptide (CCK). Doses of CCK that

caused epigastric cramping and mild visceral discomfort were associated with incr_ levels

of AVP, however, these effects occurred without reports of nausea. This result was

interpreted as suggesting that AVP-_reEioh can occur with minor visceral malaise even prior

to nausea or emesis, perhaps indicating that secretion of AVP precedes nausea.

The efficacy of AVP as a marker for nausea has not been demonstrated convincingly for

animal models. Two factors should be considered prior to using AVP to identify nausea or the

activation of emetic pathways. First, large individual differences in the range of the AVP

response have been observed in studies with humans (Ex:lwards, Carmichael, Baylis, & Harris,

1989; Koch eta/., 1990; Miaskiewicz et aL, 1989), monkeys (Verbaliset aL, 1987), and cats
(Fox et al., 1987). Second, not all eases of nausea are associated with AVP secretion. A

dissociation of AVP and nausea was shown when nausea, induced by rapid food intake, failed

to be associated with elevated AVP (Miaskiewicz et al., 1989). Neither is the association
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bezw_n emesis and AVP secretion obligatory.since elevation of AVP fails to occur in man
when emesis is induced with ipecacuanha syrup (Nussey eta/., 198g).

Technological issues also complicate the use of AVP as a marker of nausea in animal studies.

Assays for AVP require blood volumes which prohibit serial sampling in small animals. This

is a serious problem with very small animals like shrews, where it may not be possible to

obtain even single samples without producing changes in blood pressure or plasma osmolality.
Obtaining repeated samples from cats may impact other indices of general stress such as
corusol (Fox eta/., 1987). In addition, significant processing is required to conduct the
assay, so assessmentof AVP cannot provide an "on-line" index of the nauseous state.

Conditioned Taste Aversion

The avoidance of flavored substances consumed just prior to the onset of sic'lu_ess(a
conditioned taste aversion, or CTA) was first demonsuated in the laboratory by Gatcia and

colleagues (e.g., Garcia & Ervin, 1968). Because many of the stimuli used to induce CTA in

early experiments produce gastrointestinal distress or nausea, CTA was thought to be mediated

by neural mechanisms important to the emetic syndrome. The observation of CTA in patients

made nauseous while undergoing chemotherapeutic (Bernstein, 1985; Bernstein & Webster,

1980) or radiation treatments (Smith et al., 1984) for cancer provides further support for this

position.

Few direct, systematic evaluations of the assumption that visceral distress, or nausea promote
CTA have been conducted. In a retrospective evaluation conducted by reviewing the

literatures on vomiting and CTA, Grant (1987) argued that if nausea or other pre-emetic

components of the emetic syndrome are responsible for CTA, then CTA should depend on
neural structures important to the emetic syndrome (assessed by vomiting). Available studies
that investigated whether neural pathways importam to emesis also ate important to the

production of CTA neither confirm nor reject convincingly a role for emetic structures in
CTA. Some blood-borne agents such as lithium chloride (McGIone, gitter, & Kelly, 1980;

Rabin, Hunt, & Lee, 1983), copper sulfate (Coil & Norgren, 1981), or xytazine (Fox,

Corcoran & Brizzee, 1990) that produce CTA do depefid 6_the area postrema. The disrupdve

effects of AP lesions on CTA induced by zoxins are sufficiently reliable that both lithium

chloride (Sutton, Fox, & Daunton, 1988) and scopolamine methyl nitrate (Ossenkopp, 1983)

have been used to screen for the completeness of AP lesions in rats. For other agents,
however, CTA and vomiting do not depend on the same neural mechanisms. Morphine, for
example, produces vomiung via the area postrema (Borison eta/., 1962) but produces CTA

via the periaquaductal gray (Blair & Amit, 1981).

Several factors require that conclusions from Grant's review be made with care. Grant

acknowledged that emetic circuity is incompletely understood and that most research on CTA
has been conducted with rats while thax on emetic mechanisms has been on cats dogs. and

monkeys. (Ferrets must now be added to the list 9_f_anLmals used to study emetic

mechanisms). Because there are species differences in sensitivity to emetic treatments, cross-
species comparisons can be difficult, However, cross-species comparisons are required
because the relationship between CTA and the emetic syndrome has been investigated direcdy

in very few studies (Fox et a/., 1990; Rabin et al., 1986; Roy & Brizzce, 1979; Wilpizeski
et _., 1985). These studies generally show that vomiting does not predict the forrnadon of

CTA precisely. CTA may occur without vomiting and vomiting may occur without c"rA

being produced. Additional studies directly assessing CTA and the emetic syndrome in the
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same species (or animals) will be required to clarity whether the emetic syndrome and CTA,

share common neural circuitry.

Because CTA is a learnedresponse,severalcontrolconditionsfor the study of learning
mechanisms are required when this measur_ is used (Fox, 1990). Procedures to eliminate

psuedoconditioning and other artifactual effects that could be incorrectly interpreted as CTA

can significantly increa.se the effort and cost involved in using this measure. The possibility
that exposure to the emetic stimulus prior to testing could reduce the strength of CTA, and

thus lead to incorrect inferences about the effect of the stimulus, can restrict methods for

conductingexperiments.

CONCLUSIONS

Development of a valid animal model of nausea requires the identification of motor, hormonal,

neural, or behavioral events that are associated with na_. Because nausea is a subjective
state that can be identified only in man, potential measures for animal models must be based
on demonstrations that the same measures reliably identify nausea in man. Thus, a

coordinated research strategy that integrates information from studies in humans and animals

is required. Confidence in a given measure could be enhanced by the accumulation of
convergent validation data from multiple assessments (i.e., motor and hormonaD.

Each of the potential measures of nausea discussed above is affected by one or more
detrimental factors. All of these potential measures require bener validation. Technical
requirements for assaying systemic AVP can produce general stress effects, or even prohibit

application of the measure in very small animals. Concern about neural circuity crucial to

CTA, requirements for control procedures, and the observation that nausea and/or vomiting

can occur independently of CTA indicate reservations about this measure. In addition,

investigation of the effects of antiemetic drugs on CTA have produced positive (Coil et a/.,
1978) and negative (Goudie er ,,L, 1982) results, and some of the compounds used as

antiemetics can produce CTA themselves (i.e., scopolamine).

Neither AVP nor CTA can provide a real-time assessment of sickness. Variation in cardiac

rhythm could provide real-time assessment, but this measure needs to be validated with

additional studies. The source or type of other possible measures for nausea are not readily

forthcoming. Incomplete characterization of the neuroanatomy that underlies the emetic

syndrome complicaies identification ofprodroma.l ¢igns suffic_endy _fidependentof emesis that
they might serve as m_es of other components of the syndrome. Thus, rezent research

has characterized gastrointestinal precursors of vomiting (Lang et ,2/., 1986; Lang, Sarna, &

Condon, 1986 ) but has not provided a clear candidate for an index of nausea. Gastric

relaxation could be a candidate (Andrews & Wood, 1988; Hulse & Patrick, 1977; Willems

& Lefebvre, 1986) but this response also occurs as pan of the normal sequence of feeding

(Young & Deutsch, 1980), and not all forms of gas'_'ic distention produce nausea (Miaskiewicz

et al., 1989). If this response is related to nausea, an explanation of why it leads to the

sensation of nausea in some instances but not in others is required.

Improved understanding of the neurocircuitry of the emetic syndrome is a primary requirement
for the development of a model for nausea. The neural mechanisms underlying nausea will

not be identified until the events that converge to elicit vomiting are described more fully.

Improved understanding of interrelationships between prodromal signs of vomiting and

identification of the mecbanism coordinating the neural activity that produces the complicated
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pattern of motor e;'cnLs leading to expulsion would be "very beneficial. At the present time
there is little evidence indicating whether the mechanisms underlying musea should be sought
in central or peripheral sites.

The species best suited for a model is not obvious. Each species traditionally used to study
emetic mechanisms (dogs, eats, ferrets and moneys) has advantages for specific purposes.
The extensive knowledge of neural, receptor, and gastrointestinal mechanisms in these animals

is invaluable. But other tractable animals that readily can be bred for purpose to insure

availability, at reasonable cost would be advantageous. The ferret has been very useful in

recent years, and the house shrew, Sunc_ murinus, is a relatively new candidate on the scene

that shows promise (Matsuki er a.L, 1988: Ueno. btatsuki, & Saito, 1987; Ueno, Matsuki, &

Saito. 1988). The shrew is very small for some procedures, such as blood assays and
instrumentation, but this small size is an advantage for housing and testing of chemical agents

that are difficult to produce in large quantities. If detailed description of neuroanatomy and

physiology are forthcoming this may prove to be a useful animal. Certainly the rat is not a.n

idea/ model Thorough knowl_ge of anatomy and physiology are a valuable asset, but the

lack of an emetic reflex leads to complex issues of species differences that complicate
understanding.
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